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ABSTRACT 
There is an urgent and unmet clinical need to improve accuracy and safety during 
needle-based interventional procedures including regional anaesthesia and cancer 
biopsy. In ultrasound guided percutaneous needle procedures, there is a universal 
problem of imaging the needle, particularly the tip, especially in dense tissues and steep 
insertion angles. Poor visualization of the needle tip can have serious consequences for 
the patients including nerve damage and internal bleeding in regional anaesthesia and, 
in the case of biopsy, mis-sampling, resulting in misdiagnosis or the need for repeat 
biopsy. The aim of the work was to design and develop an ergonomic ultrasound device 
to actuate standard, unmodified needles such that the visibility of needle can be 
enhanced when observed under colour Doppler mode of ultrasound imaging. This will 
make the needle procedures efficient through accurate needle placement while reducing 
the overall procedure duration.   
 
The research reported in this thesis provides an insight into the new breed of 
piezoelectric materials. A methodology is proposed and implemented to characterize the 
new piezocrystals under ambient and extreme practical conditions. For the first time, the 
IEEE standard method (1987) was applied to an investigation of this type with binary 
(PMN-PT) and ternary (PIN-PMN-PT) compositions of piezocrystals. Using the 
existing data and the data obtained through characterization, finite element analysis 
(FEA) were carried to adequately design the ultrasound device. Various configurations 
of the device were modelled and fabricated, using both piezoceramic and piezocrystal 
materials, in order to assess the dependency of device’s performance on the 
configuration and type of piezoelectric material used. In order to prove the design 
concept and to measure the benefits of the device, pre-clinical trials were carried out on 
a range of specimens including the soft embalmed Thiel cadavers. Furthermore, an 
ultrasound planar cutting tool with various configurations was also designed and 
developed as an alternative to the existing cumbersome ultrasonic scalpels. These 
configurations were based on new piezocrystals including the Mn-doped ternary 
(Mn:PIN-PMN-PT) material. 
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It is concluded that the needle actuating device can significantly enhance the visibility 
of standard needles and additionally benefits in reducing the penetration force. 
However, in order to make it clinically viable, further work is required to make it 
compliant with the medical environment. The piezocrystals tested under practical 
conditions although offer extraordinary piezoelectric properties, are vulnerable to 
extreme temperature and drive conditions. However, it is observed that newer 
piezocrystals, especially Mn:PIN-PMN-PT have shown the potential to replace the 
conventional piezoceramics in high power and actuator applications. Moreover, the d31-
mode based planar cutting tool contrasts with the cumbersome design of mass-spring 
transducer structure and has the potential to be used in surgical procedures.  
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AC   Alternating Current 
Ac   Area of stack 
ADP   Ammonium Di-hydrogen Phosphate 
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Ar   Argon 
Au   Gold 
B   Susceptance 
BNC   Bayonet Neill-Concelman Connector 
Bs   Susceptance at resoance 
c   Elastic stiffness 
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CLF   Low frequency capacitance 
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Fb   Force applied by a bolt 
Fc   Force in a stack 
FDA   Food and Drug Administration 
fe   Electrical resonant frequency 
FEA   Finite Element Analysis 
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FEM   Finite Element Modelling 
fm   Mechanical resonant frequency 
fp   Parallel resonant frequency 
fr   Resonant frequency 
fs   Series resonant frequency 
G   Conductance 
g   Piezoelectric voltage-strain constant 
GFRP   Glass-Fibre Reinforced Polymer 
Gms   Motional conductance at resonance 
h   Piezoelectric charge-strain constant 
ID   Inner Diamaeter 
K   Stiffness 
k31   Coupling coefficient relevant to LTE mode sample 
keff   Effective coupling coefficient 
kt   Coupling coefficient relevant to TE mode sample 
Lc   Length of stack 
LE   Length Extensional 
Ls   Motional inductance 
LTE   Length Thickness Extensional 
M1   Front mass 
M2   Back mass 
Me   Effective mass 
Mg   Magnesium 
Mn   Manganese 
Mn:PIN-PMN-PT  Mn-doped: Lead Indium niobate-Lead Magnesium Niobate-Lead 
Titanate 
MPB   Morphotropic Phase Boundary 
MTS   Material Testing System 
ND-B-PMN  Needle Device – Bar– Lead Magnesium Niobate 
ND-P-PZN  Needle Device – Pseudo ring – Lead Zirconate Niobate 
ND-P-PZT  Needle Device – Plate – Lead Zirconate Titanate 
ND-R-PZT  Needle Device – Ring – Lead Zirconate Titanate 
OD   Outer Diameter 
Ω   Ohms 
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Ɵ   Phase 
P   Pressure 
Pb   Lead 
PCB   Printed Circuit Board 
Pd    Palladium 
PIN-PMN-PT  Lead Indium Niobate – Lead Magnesium Niobate – Lead 
Titanate 
PMN-PT  Lead Magnesium Niobate – Lead Titanate 
PNB   Peripheral Nerve Block 
PRAP   Piezoelectric Resonance Analysis Programme 
PRF   Pulse Repition Frequency 
PZN-PT  Lead Zirconate Titanate – Lead Titanate 
PZT   Lead Zirconate Titanate – Pb(Zr(x)Ti(1-x))O3 
QE   Electrical Q factor 
QM   Mechanical Q factor 
r   Mechanical resistor 
R   Resistance 
Rs   Motional resistance 
s   Compliance 
S   Strain 
Si   Silicon 
SMB   SubMiniature version B connector 
SONAR  SOund Navigation And Ranging 
T   Stress 
Te   Temperature 
Tanδ   Dielectric loss 
TC   Curie temperature 
TE   Thickness Extensional 
Ti   Titanium 
TRT   Rhombohedral to Tetragonal Phase Transition Temperature 
TS   Thickness Shear 
US    Ultrasound 
VB   Bias voltage 
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X   Reactance 
Y   Admittance 
Z   Impedance 
Zac   Acoustic impedance 
Ze   Electrical impedance 
Zm   Mechanical impedance 
Zr   Zirconium 
β   Dielectric impermiability 
ε   Dielectric constant 
εT33R   Relative permittivity at constant stress 
εS33R   Relative permittivity at constant strain 
ωs   Angular frequency 
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1 INTRODUCTION 
Accurate needle insertion into soft, inhomogeneous tissues is of particular interest 
due to its importance in minimal invasive percutaneous (through the skin) medical 
procedures, such as regional anaesthesia (Abolhassani and Patel, 2006), biopsy, 
drug delivery and hyperthermic therapy (Holm, 1996).  
 
Ultrasound (US) imaging has been shown to be a useful adjunct and primary 
technique for performing these procedures (Gray, 2006) whereby, the tip of a 
needle is advanced towards a target while the user observes the needle and target on 
the US image. However, there is a universal problem of imaging the needle 
accurately, particularly the tip, especially in deep locations (Cheung and Rohling, 
2004) and steep angles (Edgcombe and Hocking, 2010). The problem of tip 
location is further exacerbated by the long, narrow gauge needles being easily bent 
and the tip trajectory deflected, especially in dense tissues. Poor visualization 
together with deflection of the needle tip can have serious consequences for the 
patients including pain, internal bleeding, loss of function and, in the case of 
biopsy, mis-sampling, resulting in misdiagnosis or the need for repeat biopsy (Brull 
et al., 2007; Sites et al., 2007 and Neal et al., 2008). 
 
Proper needle visualisation is a recognised unmet need in regional anaesthesia, 
where an increasing number of percutaneous loco-regional nerve blocks are carried 
out under US guidance. Improved visualisation is also required for cancer biopsies. 
Breast cancer is the most common cancer in women in the UK. Approximately 
250,000 breast biopsies are performed each year for the differentiation of benign 
and malignant breast lesions. Even with experienced operators, biopsies are 
inadequate in 9 – 18 % of cases, through poor visualisation and targeting, and thus 
necessitating repeat biopsy (Liberman, 2000). This results in further discomfort and 
anxiety for the patient and delays in commencement of treatment. In both 
procedures, there is a clear need and scope for further development to enhance 
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needle visibility. This will also increase the range of interventions for which 
ultrasound can be used with additional clinical benefits. 
 
It is believed that the needle visibility can be enhanced under US guidance if the 
needle is actuated with controlled amplitude in the lower ultrasonic frequency range 
i.e. 20 kHz – 100 kHz. This should also reduce the feeling of sting/pain during 
needle insertion as the actuation can make the needle penetration easier by reducing 
the forces normally applied. The incorporation of ultrasound actuation in the form 
of an actuating device will make the percutaneous needle procedures efficient 
through accurate needle placement, reduced insertion pain and reduced overall 
procedure duration.   
 
Ultrasonic devices commonly used for actuation purposes comprise sandwich 
piezoelectric transducers based on piezoelectric ceramic materials (piezoceramics), 
for which the design theory has been well established by Stansfield (1991). 
However, in the past 20 years, piezoelectric single crystal materials (piezocrystals) 
have emerged as a viable material for acoustic transduction with inherently broader 
bandwidth and large piezoelectric constants. The extraordinary properties of these 
materials such as d33 ~ 2000 pC/N and k33 ~ 0.9 (Luo, 2006) compared to d33 ~ 420 
pC/N and k33 ~ 0.7 of piezoceramics (Stansfield, 1991) make these materials 
attractive for a range of applications including high power and actuators 
applications. Whilst the potential benefits of these piezocrystals are well 
documented in the literature (Cheng et al., 2003; Oakley and Zipparo, 2000; Park 
and Shrout, 1996), these findings have not previously been effectively related to 
practical transducer and actuator design. 
 
1.1 Objectives 
 
The overall aim of the research is to design and develop a pre-clinical prototype of 
an ultrasound device, based on a sandwich piezoelectric transducer, capable of 
actuating standard, unmodified medical needles, such that the visibility of needles 
can be enhanced when observed under colour Doppler mode of US imaging.  
Besides reducing the patient’s discomfort, as noted above, this will improve the 
efficiency of the percutaneous needle procedures. It is important to note that in this 
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work, regional anaesthesia is considered as a primary and path-finding application 
for the proposed device but with intentions of targeting applications in radiology in 
the future.  
 
Consideration is also given to the practicalities of working with piezocrystals 
through in-depth analyses of the behaviour of these materials under extreme 
conditions and adoption of these materials into practical devices. Within the 
framework of this project, the following specific objectives were set: 
 
I. Investigate the behaviour of piezocrystals under practical temperature, 
pressure, bias field and high drive conditions by means of promising 
technology such that their feasibility in high power applications can be 
assessed.  
 
II. Carry out a careful design and fabrication process to meet the requirements 
of the end users, in this case collaborating clinicians. These requirements are 
of a device that is small, easy to use and cost effective.  
  
III. Considering the delicate nature and high machining cost of piezocrystals, 
identify and adopt a suitable configuration to adequately fabricate the 
proposed device.  
 
IV. Carry out detailed characterization of the proposed device and investigate 
the factors which influence the performance of an ultrasound actuating 
device when operated under high drive and certain loading conditions.  
 
V. Perform pre-clinical studies to assess the feasibility of the proposed device 
such that the concept and design of the device can be confirmed.  
 
1.2 Contribution to Knowledge 
 
The aim of utilizing the new single crystal piezoelectric materials for the fabrication 
of ultrasound devices to serve the needle-assisted medical procedures make this 
thesis important and useful to a wide range of audience, including  material 
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scientists, transducer designers and medical interventionists. From the behaviour of 
the piezoelectric materials under practical conditions to the utilization of these 
materials in some configurations to fabricate novel devices, this thesis covers a 
range of topics which can contribute significantly to the use of piezoelectric 
materials and ultrasound devices.  
 
The work reported in this thesis can be divided into two parts, piezoelectric 
materials and ultrasonic devices. The first part presents the in-depth study of the 
new piezocrystals through characterization under extreme pressure, temperature 
and electric field conditions. Besides validating the exceptional performance 
characteristics of these materials as compared to the conventional piezoceramics, 
this work reports the complicated behaviour changes associated with these 
materials under practical conditions. Nevertheless, the new piezocrystals materials 
with improvements reported by Luo (2008); Duan (2005) and Liu (2010) have the 
potential to supersede the conventionally used piezoceramics in demanding 
applications, especially high power ultrasonic applications, due to their extremely 
high and stable properties.  
 
The second part of the thesis deals with the design, fabrication and characterization 
of two ultrasound devices, incorporating both piezoceramic and piezocrystal 
materials in configurations to address the challenges encountered by 
interventionalists in modern day surgeries. It is quite evident that with the help of 
modern day finite element modelling (FEM) packages, accurate realisation of 
complex transducer structures prior to the fabrication stage is possible, 
consequently enabling the design of reliable and efficient devices for a range of 
applications.  
 
The highlight of the work is a novel ultrasound needle actuating device which has 
the ability of delineating the whole shaft of the needle, including the tip, when 
observed under colour Doppler US guidance. The device additionally offers benefit 
in reducing the penetration force, through action similar to the ultrasonic cutting 
already commonly used in surgery. Consequently, this reduces the deflection of 
needle, a common reason for mis-sampling of tissue in biopsy procedures.  
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An alternative approach with potential to replace the conventional, cumbersome 
transducer structures through the concept of a planar tool is also reported. The 
concept still in its preliminary stage helps in understanding the effects of materials 
and loading conditions on the performance of an ultrasound device. It was observed 
that materials with high particle velocity combined with new piezocrystals can lead 
to high performance actuating devices. 
 
This thesis is intended as a comprehensive report on the development and testing of 
application driven ultrasound devices besides the feasibility of piezocrystals in high 
power and actuator applications. 
 
1.3 Content of Thesis 
 
Chapter 2 reviews background literature relating to the three constituents of the 
research. A detailed background to the percutaneous needle procedures is presented 
while the challenges associated with these procedures and the limitations of 
existing solutions are also reported. Following the introduction to high power 
ultrasound, the chapter gives a detailed account of sandwich piezoelectric 
transducers including the background theory, FEM and characterization techniques 
associated with these transducers. An overview of the historical development of 
piezoelectric materials is also given. The potential benefits gained from the new 
piezocrystals are introduced and their superior piezoelectric properties are 
compared to the performance of conventional piezoceramics.  
 
Chapter 3 details the characterisation procedures adopted to assess the feasibility of 
the new piezocrystals under practical conditions. Through the measurement of 
selective piezoelectric parameters, it investigates the behaviour of binary (PMN-
PT) and modified ternary (PIN-PMN-PT) compositions of single crystal materials 
under pressure, temperature and DC Bias field conditions. The chapter also reports 
the complex behaviour of these materials under high drive conditions. 
 
Chapter 4 offers a solution to the universal problem of imaging the needle tip, in 
percutaneous needle procedures. The chapter describes a novel ultrasound device, 
capable of actuating standard, unmodified needles, to assist interventionalists in a 
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range of percutaneous needle procedures. Various configurations of the device 
based on piezoceramic and piezocrystal materials are reported and an analytical 
comparison is made.  
 
Chapter 5 examines the feasibility of the needle actuating device through carefully 
designed experimental protocol and a range of specimens including the soft 
embalmed Thiel cadavers. 
 
Chapter 6 suggests an alternative approach to replace the conventional cumbersome 
transducer structures. Based on the work reported by Lal and White (2005), this 
chapter assesses the effectiveness of new piezocrystals and planar configuration of 
a tool in high power ultrasound applications. The effects of tool and piezoelectric 
materials on the performance of an ultrasound device are reported. The chapter also 
gives an insight into the effects of various tissue specific loading conditions on the 
performance of an ultrasound device.  
 
A summary of the findings and recommendations for future work conclude the 
thesis in Chapter 7. Further information related to the work reported in this thesis, 
such as engineering drawings and cost analysis, can be found in the appendices. 
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2 TECHNICAL BACKGROUND 
In this chapter, Section 2.1 gives background to the percutaneous needle procedures, the 
challenges faced by the clinicians and interventionists and the existing technologies in 
the field along with their limitations. A review of the fundamental concepts of 
ultrasound and its applications are presented in Section 2.2. A high power sandwich 
ultrasound transducer, the main subject of the thesis, is described in detail in Section 
2.3, focusing on history, design, fabrication and characterization of such transducers. 
Finally, a background to piezoelectricity including the historical development of 
piezoelectric materials and their characteristics is presented in Section 2.4.  
 
2.1 Percutaneous Needle Diagnosis and Therapies 
 
Many modern clinical practices involve percutaneous (through the skin) diagnosis and 
therapies. In these procedures, thin tubular devices, such as needles, catheters, and 
tissue ablation probes etc. are inserted deep into soft, inhomogeneous tissues to reach a 
target (Abolhassani et al., 2006). There are several applications for percutaneous needle 
insertion procedures, such as biopsies (for prostate, kidney, breast and liver) (Bishoff et 
al., 1998), regional anaesthesia, blood sampling (Zivanovic and Davies, 2000), 
neurosurgery (Rizun et al., 2004), brachytherapy (Wei et al., 2004), drug delivery and 
hyperthermic therapy (Holm and Skjolkbye, 1996). Figure 2.1 shows the two examples 
of common needle procedures – a cervical nerve block for surgery in neck and arm and 
needle biopsy of the breast. 
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Figure 2.1: Percutaneous needle procedures - (a) cervical nerve block (Geehr, 2009) and (b) breast 
biopsy (Healthwise, 2011) 
 
The effectiveness of a percutaneous diagnosis or therapy is highly dependent on the 
accuracy of needle insertion (Youk et al., 2007). Although there is no set criteria, in 
clinical practice or in general, insertions with less needle misplacement result in more 
effective treatment or increase in the precision of diagnosis (Nath et al., 2000). 
According to Abolhassani et al., (2006), the required accuracy of the procedures varies 
depending on the application. In procedures, such as biopsy, brachytherapy and 
anaesthesia, placement accuracy of millimetres is required while in brain, foetus, eye 
and ear procedures, much higher accuracy, in nanometers is desirable. According to 
Kohn et al., (2000), in certain procedures, the target could be in the millimetre 
neighbourhood of another organ, vessel or nerve. Thus, care is required to avoid any 
damage or spreading of disease which may lead to complications, such as seed 
migration, that may be life-threatening. 
 
Failures in achieving accurate needle placement have been reported for a variety of 
clinical studies.  It is observed that needle misplacement can be due to various reasons 
including image limitations, image misalignment, target uncertainty, human errors, 
target movement due to tissue deformation and needle deflection (Rampersaud et al., 
1999; Carr et al., 2001; Roberson et al., 1997, Hussain et al., 2001, Taschereau et al., 
2000 and Narayana et al., 1996). In a broader sense, the failure in achieving accurate 
needle placement is mainly because of two reasons which are poor visualization and 
needle deflection. It is pertinent to mention here that the work reported in this thesis 
emphasises on the problem of poor needle visualization and proposes a feasible 
solution. 
TECHNICAL BACKGROUND 
Muhammad Rohaan Sadiq Page 11 
 
2.1.1 Ultrasound Guided Percutaneous Needle Procedures 
 
Ultrasound (US) guidance is a recognised technique for guidance of interventional 
procedures with its ability to visualize both anatomical structures of interest as well as 
the advancing needle. In these procedures, the tip of a needle is advanced to a target 
while the user observes the needle and the target on the US device display.  
 
Ideally, US guidance should translate into greater efficacy by ensuring accurate 
deposition and spread of local anaesthetic around the target nerve, removal of tissue 
sample and improved safety, by avoiding unintentional intraneural and intravascular 
puncture and injection. However, in reality, the needle-assisted interventional 
procedures are associated with significant complications, such as long lasting, 
incapacitating nerve damage following inadvertent intraneural puncture (Brull et al., 
2007 and Neal et al., 2008). This is mainly due to the poor visualization of needles 
especially when using thin needles at deep locations (Cheung and Rohling, 2004) and 
steep insertion angles (Edgcombe and Hockin, 2010).  
 
While the identification of relevant anatomical structures can become relatively easy 
with practice and development of a trained eye, keeping the needle tip in view as the 
needle is advanced towards the target is much more difficult. Failing to do so was the 
most common error observed in residents learning to perform US guided peripheral 
nerve block (PNB) (Sites et al., 2007). Persistent failure to visualize the needle tip was 
documented even after performing more than 100 US guided PNB, suggesting that 
experienced practitioners can also face difficulty. The issue of poor needle visualisation 
is also a known problem in biopsy applications. In the UK alone, approximately 
250,000 breast biopsies are performed each year for the differentiation of benign and 
malignant breast lesions. Even with experienced operators, biopsies are inadequate in 9 
- 18% of cases, through poor visualisation and targeting, necessitating repeat biopsy 
(Liberman, 2000). According to Chin et al. (2008), needle advancement towards the 
target without adequate needle tip visualization may result in unintentional vascular, 
neural, or visceral injury. 
 
Regional anaesthesia (Klein, 2007) and tissue biopsy (Hopkins and Bradley, 2001) 
together account for most image guided needle procedures. As far as market figures are 
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concerned, according to a report published by GlobalData (2012), the global biopsy 
devices market alone was valued at $970m in 2011, and is forecast to reach $1.4 billion 
by 2018. A heightened awareness of the importance of early disease detection is 
motivating physicians to perform biopsies at earlier stages in patient treatment, so as to 
increase the probability of treatment success. In addition, the ageing population will 
drive procedure volumes. Anaesthesia is also a multi-billion dollar market being the 
largest hospital medical specialty. There are more than 45,000 anaesthesiologists in the 
USA alone. Within the UK it is estimated that approximately 290,000 patients p.a. 
receive epidural or spinal neuraxial block for postoperative pain relief and almost 
300,000 receive neuraxial block for pain relief in labour or operative delivery (Liu et 
al., 2009). 
2.1.2 Existing Technologies 
  
In the last few decades, a great amount of research has been done in order to improve 
the visibility of needles such that the needle procedures can be made more efficient and 
safer. These have resulted in new insertion techniques and strategies, new designs of 
needles and advances in ultrasound technology with the development of new imaging 
modalities.  
 
Needle Insertion Techniques 
 
There are two techniques of orienting a needle relative to the ultrasound beam in US 
guided procedures, namely in-plane and out of plane approaches (Gray, 2006). Figure 
2.2 shows the contrast between the two approaches. In the in-plane approach, the needle 
is inserted in the plane of the ultrasound beam so that the entire shaft and the tip of the 
needle are visible. One of the disadvantages of the in-plane approach is that, it is easy to 
lose the image with a slight movement of the transducer as the ultrasound beam is 
narrow. According to Chin et al. (2008), needle-beam alignment is critical to visualize 
the shaft i.e. profile of the needle in the in-plane approach. This technique requires 
excellent hand-eye coordination and is normally preferred for transversus abdominus 
plane blocks (Balki, 2010).  
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Figure 2.2: Visualisation techniques – (a) in-plane and (b) out of plane technique (Balki, 2010) 
 
In the out of plane approach, the longitudinal axis of the needle is inserted in a plane 
perpendicular to that of the ultrasound beam. In this case, it is important to slide the 
transducer along the direction of the shaft of the needle to identify the needle tip. 
Visualizing the needle tip in this approach can be difficult as only a cross-section of the 
needle is imaged (Chin et al., 2008). If the needle tip is not visualised and the endpoint 
for injection is not clear then it may require more dependence on small-volume test 
injections for visualization of adequate local anaeshetic distributon. The technique is 
normally preferred for peripheral nerve blocks and central venous cannulation (Balki, 
2010).  
 
Needle Manipulation 
 
The visibility of needle has been found to depend on number of factors related to needle 
manipulation. These factors include needle-beam angle, needle bevel orientation, angle 
of incidence and needle diameter. The needle-beam angle is defined as the angle at 
which the needle shaft and ultrasound beam intersects. It has been demonstrated that in 
case of in-plane strategy, the visibility of needle tip and the shaft is proportional to the 
needle-beam angle i.e. the visibility increases with increase in needle-beam angle. For 
in-plane strategy, orientation of > 55˚ is considered the optimal angle for a range of 
treatments (Culp et al., 2000; Bradley, 2001 and Schafhalter-Zoppoth et al., 2004). For 
out of plane approach it has been observed that the needle tip visibility is better at 
shallow angles i.e. ≤ 30˚ however, the reason is not clear (Schafhalter-Zoppoth et al., 
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2004 and Maecken et al., 2007). Figure 2.3 shows the schematic of various orientations 
relevant to needle-beam angle and angle of incidence.  
 
 
Figure 2.3: Needle visualization by optimizing (a) needle-beam angle and (b) angle of incidence 
(Ihnatsenka, 2010) 
 
According to Hopkins and Bradley (2001) and Bondestam (1989), the needle tip 
visualization is better if the bevel opening is oriented either to directly face the US beam 
i.e. 0˚ or to face away from the beam i.e. 180˚. Bondestam (1989) and Schafhalter-
Zoppoth et al., (2004) have studied the effect of needle diameter on visibility and 
concluded that larger diameter needles result in better visibility at the expense of 
increased tissue trauma and patient discomfort 
 
Surrogate Markers  
 
In the vast literature available on needle visualizations, various methods to proxy the 
needle tip have been reported. These include the use of different strategies of needle 
insertions and artificial markers. Matalon (1990) has reported a needle placement 
technique of jiggling the needle in small, controlled, in-out movement which creates a 
corresponding visible tissue movement at the tip. The technique although ambiguous as 
tissue motion may be transmitted beyond the needle tip and along the needle shaft 
which makes it difficult to locate the needle tip precisely, is still recommended when 
advancing needles to observe the needle path. Other techniques reported are injecting a 
small amount of fluid (0.5 – 1 mL), such as local anaesthetic, or US contrast agent, such 
as microbubbles, to confirm the needle-tip position by the formation of a small anechoic 
pocket ahead of the needle tip (Perlas, 2004 and Dhir, 2008). 
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Echogenic Needle Design 
 
The problem of poor needle visibility has been addressed to some extent with the 
development of echogenic needles. The echogenic needles are engineered to increase 
the reflection of ultrasound waves back towards the transducer. These needles are 
coated with polymer or textured with ‘‘cornerstone’’ reflectors to increase its visibility 
inside a tissue as shown in Figure 2.4. These indentations are specifically oriented to 
function best at steep needle insertion angles (Hebard, 2011). However, only limited 
success has been reported in both laboratory (Gottlieb et al., 1998; Culp, 2000; Hopkins 
and Bradley, 2001; Nicholas et al., 2007, Deam et al., 2007 and Guo et al., 2012) and 
clinical settings (Bergin et al., 2002 and Jandzinski et al., 2003). 
 
 
Figure 2.4: Echogenic needles with indentations (Hebard, 2011) 
 
Ultrasound Imaging Technology 
 
Since the first commercially available ultrasound imaging device in 1960’s, advances in 
ultrasound technology have led to the development of new imaging modes. These 
include compound imaging, beam steering, 3D/4D ultrasound and colour Doppler 
imaging. These modes are designed to improve the image quality and increase the 
amount of information that can be obtained from an ultrasound examination. However, 
their effect on needle visibility varies therefore none can be recommended for 
completely solving the problem. 
 
Compound imaging involves acquiring multiple images of the same object from 
different angles in the same plane (spatial compound imaging) or at different 
frequencies (frequency compound imaging) and combining them into a single image. 
Tissue harmonic imaging forms an image using echoes at twice the emitted frequency. 
It has been observed that when compared to conventional B-Scan or grey scale imaging, 
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spatial compound imaging improves needle visibility (Cohnen et al., 2003 and Saleh et 
al., 2001), tissue harmonic imaging reduces needle visibility (Mesurolle et al., 2006 and 
Karstrup et al., 2002) and frequency compound imaging does not show any significant 
effect (Mesurolle et al., 2006). Electronic beam steering is another development that 
allows the ultrasound beam to be tilted relative to the transducer, thus increasing the 
needle-beam angle towards 90° and consequently improving the needle visibility. Baker 
et al. (1999) also reported the same through a small study of 7 patients undergoing 
breast biopsy. 3D/4D imaging for needle guidance allows for visualization of needle in 
multiple planes simultaneously, but it can be time consuming while interpretation of the 
resultant images can be quite challenging (Sikdar, 2012). 
 
Colour and/or power Doppler imaging functions are generally available on all but the 
most basic US devices. It works on the principle of Doppler’s effect whereby a 
movement of an object within a US beam produces a shift in the frequency of the 
reflected echo which is then represented in the form of a colour signal (Taylor, 1990). 
The Doppler function on US devices is commonly used to measure blood flow. 
However, in the last two decades, the scope of colour Doppler has moved beyond the 
blood flow measurements. Studies for both biopsy and regional anaesthesia have shown 
that it may also be used to localize a moving needle tip against a stationary background.  
 
Field et al., (1997); Jones et al., (1997) and Armstrong (2001) in separate studies for 
tissue biopsy have described the benefits of a vibrating needle in percutaneous 
procedures. The ColorMark, an external clip-on device (EchoCath Inc, Princeton, NJ) 
was used in these studies. The device produced encouraging results with needle tip 
amplitude of 15 µm but had some major limitations. Due to its cumbersome design, the 
device tends to increase needle deflection, especially in case of large gauge needles and 
was also observed to perform with poor efficiency at depths > 3 cm due to the 
attenuation of needle tip vibration. Moreover, due to the long setup time required for the 
device, the overall procedure duration was not reduced. A prototype device based on a 
similar principal for regional anaesthesia has been described by Klein (2007). Other 
methods to generate movement at the needle tip have also been described, such as 
manual motion of the needle (Longo, 1994) and vibration induced by rotation of a bent 
stylet within the needle (Harmat, 2006). The use of colour Doppler combined with 
moving needle tip is promising however; to date there is no strong evidence from 
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comparative studies to support these methods in improving needle visibility and 
efficiency of the percutaneous needle procedures.  
 
SonixGPS – Needle Guidance Poisitioning System 
 
SonixGPS is a relatively new needle guidance technology adopted by Ultrasonix 
Medical Corporation, Richmond, Canada and developed by Ascension Tecnology 
Corporation, Vermont, USA. The technology has recently been approved by the US 
Food and Drug Administration (FDA) for Vascular Access Procedures. SonixGPS uses 
multiple position sensors, including one embedded in each transducer and needle, to 
help clearly predict and see the needle’s trajectory relative to the ultrasound plane 
during interventional procedures. Despite good clinical results as found in the limited 
literature reported by the University of British Columbia, Canada, the technology has 
some practical limitations. One of the main issues is that it requires modifications in 
both imaging transducer and needle with the incorporation of position sensors. The 
second but most important issue is that this needle guidance technology can only be 
used with the compatible ultrasound imaging system. 
 
 
Figure 2.5: SonixGPS – needle guidance positioning system (Reach, 2012 and Sher 2012) 
 
Only a minority of interventionalists possess the high skill levels and confidence 
necessary to carry out interventional procedures using US guidance with existing tools 
i.e. transducers and imaging systems designed primarily for abdominal imaging. There 
is a clear need and scope for further development whether it is enhancement in needle 
visibility or refinement in image quality such that the increasingly elderly and obese 
population can be treated effectively. This research therefore presents an innovative 
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device which has the capability to ultrasonically activate standard, unmodified medical 
needles to enhance needle visibility and reduce penetration force. This will also widen 
the use of ultrasound amongst interventionalists, benefitting a variety of procedures. 
 
2.2 Physics of Ultrasound  
 
The term ultrasound is defined as sound waves but with frequencies that are too high to 
be detected by an average human ear i.e. above 20 kHz.  
 
2.2.1 Applications of Ultrasound  
 
Ultrasound occurs in nature and is used by several species of animals. Bats and dolphins 
use ultrasound as a means of navigation (Cracknell, 1980). Today, ultrasound has found 
a range of applications in industries including engineering, medicine and food 
industries. Figure 2.6 shows the spectrum of ultrasound and its applications with respect 
to the relevant frequency ranges.   
 
 
Figure 2.6: The spectrum of ultrasound – approximate frequency ranges and applications 
 
As far as the medical industry is concerned, two principal forms of vibratory energy 
find applications in medicine and surgery. These are low-power high-frequency and 
high-power low-frequency ultrasound (O’Daly, 2008). Low power ultrasonics mainly 
concentrates on diagnostic applications where sound waves are propagated through soft 
tissues. These are usually categorised in the region of 0 to 10 watts at frequencies 
typically above 1 MHz and leave no permanent physical damage. If the ultrasound is 
focused, thermal damage can be created in tissues in a focal zone. This occurs in 
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transcutaneous ablation of tumour tissues where an externally focused ultrasonic beam 
with frequency ≥ 1 MHz and power rating of 0.5 to 3.0 W/cm2 allows thermal effects to 
cause spot specific tissue heating.   
 
Unlike low power ultrasonics, high power ultrasound could be hazardous and results in 
permanent physical changes to the medium under investigation. Ultrasound surgical and 
therapeutic devices use high-power vibratory energy for biological tissue cutting, 
ablation or fragmentation and removal. These are usually categorised in the region of 
few tens of watts to several thousand watts at frequencies typically in the range of 20 
kHz to a few hundred kHz. These devices have gained widespread acceptance in various 
surgical procedures. Figure 2.7 shows the important medical applications of ultrasound. 
 
 
Figure 2.7: Ultrasound medical applications - (a) surgical (Kelly, 2000), (b) diagnostic (Chaffins, 
2009) and (c) therapeutic (Ostrovsky, 2011) 
 
Applications where this technology is licensed and is in current clinical use are dentistry 
(Walmsley 1988), tissue dissection in abdominal surgery (Isomura et al., 1998), bone 
cutting in orthopaedics (Nakase et al., 2006), maxillofacial surgery (Vercellotti et al., 
2004), neurosurgery (Inoue et al., 2000) and lipolasty (M. Zocchi, 1992). The particular 
benefits of ultrasonic surgical instruments which are reported in literature include safety 
(Amaral, 1994), precision (Khambay and Walmsley, 2000 and Kinoshita et al., 1999) 
and improved hameostasis (Kadesky et al., 1997). 
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2.2.2 High Power Ultrasound System 
 
Generally a high power ultrasound system consists of four components which are 
generator, transducer/convertor, booster/horn/sonotrode and probe, as shown in Figure 
2.8. The ultrasonic generator is the power source for the whole system which converts 
the main electricity into a specific high frequency signal, usually in the range of 20 kHz 
to 100 kHz. High frequency cable is normally used to send the desired power signals to 
the transducer, avoiding losses.  
 
The transducer, the most important part of the system, converts electrical energy into 
mechanical vibration, either longitudinal or transverse, at the frequency of the input 
signal. It comprises various components as detailed in Section 2.3. The mechanical 
vibration generated by the transducer is usually in the range of 2 – 10 µm (Thoe et al., 
1998). However, it can be amplified to 20 – 300 µm with the use of a carefully designed 
acoustic horn, also known as booster (Cimino and Bond, 1996). Various profiles of 
probes or tools can be attached to the horn for a particular application, such as cutting 
blades for ultrasonic food processing.  
 
 
Figure 2.8: A typical high power ultrasound system 
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2.3 Sandwich Piezoelectric Ultrasound Transducer 
 
The transducer is the most important part in all kinds of ultrasound applications. 
Sandwich piezoelectric transducers have a long history, dating from the discovery of the 
piezoelectric effect in various crystals, such as quartz in 1880 (Hunt, 1982). In the field 
of high power ultrasonics, such as ultrasonic cleaning, welding, cutting and machining, 
sandwich piezoelectric ceramic transducers are widely used, primarily because of the 
well-established design theory. The sandwich piezoelectric transducers are also known 
as Langevin piezoelectric transducers, named after Paul Langevin (1872 – 1946), who 
reported the generation of ultrasonic waves by means of transducers using quartz and 
steel sandwich (Tichý, 2010).  
 
The sandwich piezoelectric transducer consists of four components which include back 
mass, stack of piezoelectric material, front mass and prestress bolt. These transducers 
are generally assembled as a sandwich with paired discs or rings of piezoelectric 
materials compressed between two metallic end masses by a high strength mechanical 
bolt.  When an alternating field is applied to the stack, it causes the end masses to 
oscillate in opposing directions, and in the absence of any external force, the 
displacements are inversely proportional to their masses, thus keeping the centre of 
gravity stationary. These transducers have the advantage of high mechanical strength, 
low mechanical and dielectric losses, low resonant frequency, large power capacity and 
high electro-acoustical efficiency (Lin and Tian, 2008). A typical and rather simple 
Langevin transducer is shown in Figure 2.9 which is also called as Tonpilz (literally, a 
vibrating mushroom) transducer. It has been used in the naval sonar systems for over 50 
years and is commonly used in ultrasonic cleaners and acoustic ranging devices 
(Desilets, 1999). 
 
 
Figure 2.9: Cross-section view of Langevin (Tonpilz) transducer 
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2.3.1 Theory 
 
The successful conversion of a theoretical design to a reliable transducer requires 
considerable attention to the details of the assembly (Stansfield, 1991). Development of 
a transducer involves electrical and acoustic considerations together with the aspects of 
mechanical engineering, which are needed to successfully convert it into a practical 
design. Although it is based on established physical principles and exact equations 
which could be derived for the design, various approximations can be used to make the 
analysis simpler and easier to interpret. Being an electro-mechanical system, a sandwich 
piezoelectric transducer can be analysed and understood in terms of electrical and 
mechanical analogies through the use of an equivalent circuit and a mass-spring system 
respectively. The basic analogies between the two systems are listed in Table 2.1. 
 
Table 2.1: Electrical and mechanical analogies of a sandwich piezoelectric transducer 
 
 
Mechanical Representation  
 
The analogy of a mass-spring system is adopted by assuming two rigid masses M1 and 
M2 mounted on a linear and mass-less spring, oscillating along the line of the spring, as 
shown in Figure 2.10. Thus, the mass-spring relationship as shown in Eq. 2.1 can be 
used to estimate the series resonant frequency, fs of the transducer. This assumption is 
usually valid for low frequency transducers which are the main topic of this thesis 
(Stansfield, 1991). 
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Figure 2.10: Transducer structure (top) and its mass-spring system representation (bottom) 
 
 	 2	
  	 	
    . .  
        
Where, ωs is the angular frequency, K is the stiffness of the piezoelectric stack and is 
related to the effective Young’s modulus, Ee, area, Ac and length, lc of the stack by: 
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To a first approximation, Ee can be taken as the Young’s modulus of the piezoelectric 
material alone. However, for better accuracy it is recommended to include the effects of 
the other components of the stack, such as the centre bolt and the joints between the 
piezoelectric elements. Moreover, the transducer radiates acoustic energy from a piston 
mass, M1 and the counter mass, M2 is supported in air within the outer casing. It is 
therefore assumed that most of the longitudinal vibration is associated with the front 
mass, M1. The effective mass, Me is defined by Eq. 2.3. Me together with the resistance 
damping factor, r, associated with energy dissipation in M1, is used to calculate the 
mechanical quality factor, QM of the system using Eq. 2.4 (Stansfield, 1991). 
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Electrical Representation 
 
Initially, mechanical models were considered more important for understanding the 
electro-mechanical phenomena of these ultrasonic devices. However, since 1914 when 
Butterworth first used an equivalent circuit to represent a mechanically vibrating 
system, the use of equivalent electrical circuit/network model to represent piezoelectric 
resonators and transducers has become widespread (Ballato, 1990). Following the 
Butterworth’s model, Van Dyke reported a model in 1952 which was able to 
characterize the impedance behaviour of a piezoelectric resonator. Mason subsequently 
introduced acoustic transmission lines, mechanical ports, and piezoelectric transformers, 
thereby extending the circuit to encompass electro-mechanical conversion devices of 
wide variety. It has also given rise to a variety of alternative formulations, such as 
analogue networks and KLM models.  
 
Despite all the developments in the electrical equivalent models for a range of devices, 
the most common model often used to analyse the electro-mechanical characteristics of 
a sandwich piezoelectric transducer near its resonant frequency is the Van Dyke model, 
also known as RLC circuit model (Kim, 2008). It is normally used by electrical 
engineers, for example when optimizing ultrasonic power supplies, in order to deliver 
maximum power to a mechanical load by considering only the electrical parameters, 
such as resistance, capacitance, inductance, voltage and current. The Van Dyke model is 
represented by a combination of inductive (L), capacitive (C) and resistive (R) 
components.  
 
Figure 2.11 shows the equivalent model for the resonance state of a piezoelectric 
resonator, representing the condition of very low impedance i.e. resonant frequency and 
the relevant formulation required for the estimation of these components. It is a parallel 
connection of a series Rs, Ls, and Cs branch representing mechanical damping, mass 
and elastic compliance respectively and a capacitor Cd representing the electrostatic 
capacitance between the two parallel plates of piezoelectric material. In other words, the 
components Ls and Cs together in a series branch are related to the piezoelectric motion 
or response. 
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Figure 2.11: Van Dyke’s equivalent circuit model 
 
2.3.2 Impedance and Admittance  
 
A circuit or an electromechanical device may be characterized through either impedance 
or admittance. The impedance %
 is a complex vector which can be broken down into 
its real and imaginary components, resistance (R) and reactance (X). The inverse of 
impedance is the admittance &
 of the circuit i.e. &  1/%. This may also be broken 
into its real and imaginary parts, conductance (G) and susceptance (B). 
 
%  (  )*     . . + 
 
&  ,  )-     . . . 
 
The impedance form is most appropriate for a combination of components in series, for 
which the total impedance is obtained by summing the individual impedances. The 
current is the same through each component. This form is useful if the input current is 
known. When components are connected in parallel, the resultant admittance is obtained 
by calculating the sum of the admittances of the individual components. This gives the 
total admittance which, if necessary, can be inverted to give the impedance. Because the 
components are connected in parallel, they have the same voltage applied to all the 
components and this form is thus more appropriate when the applied voltage is known.  
 
If the input impedance of the circuit is much larger than that of the power source driving 
it, the voltage applied to the circuit by the source is approximately independent of the 
actual value of the circuit impedance. It is then described as a constant voltage source, 
and power into the load is given by V2G. In this case, it is natural to adopt the 
admittance form for analysing the performance. Conversely, for low impedance loads 
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that is low compared with typical electric sources i.e. Z = 50Ω, it is natural to adopt the 
impedance form. Sandwich piezoelectric transducers, detailed in Section 2.3.1, are 
generally high in impedance, and it is therefore more common to consider these in terms 
of their admittances, with a constant voltage drive assumed. The electrical 
impedance/admittance measurement is a common and standard method for the 
calibration and evaluation of piezoelectric transducers because: 
 
• It is used in the computation of transducer efficiency.  
 
• It is an analytical tool for predicting the performance measurement parameters 
of a piezoelectric material or a transducer. 
 
• It provides information for impedance matching between the transducer and the 
power source. 
 
A range of performance measurement parameters can be derived from 
impedance/admittance plots. It is pertinent to mention here that both piezoelectric 
materials and piezoelectric transducers/devices share some parameters theoretically and 
that care must be taken in differentiating between them. Section 2.3.4 explains the 
impedance/admittance plots for a typical sandwich piezoelectric transducer and shows 
how to determine the performance measurement parameters using these plots. 
Furthermore, the impedance of an electromechanical device should be of an order of 
magnitude similar to the power source for efficient power transformation. However, in 
practice, large impedance mis-match can occur which can be dealt with through an 
appropriate impedance matching circuit design, as described in Section 4.4.1.  
 
2.3.3 Finite Element Modelling (FEM) 
 
Finite Element modelling (FEM) is a numerical approach that can be used for the 
accurate solution of complex engineering problems. The method was first developed in 
the 1950’s for the analyses of aircraft structures (Pepper and Heinrich, 1992). With the 
passage of time it was realised that the finite element (FE) approach could be used to 
solve a range of problems. The development of a numerical treatment for piezoelectric 
elements has allowed the FE method to be applied in the field of electro-acoustic 
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transducer design. The first computational examples of applications of FE Method to 
the modelling of piezoelectric media were given by Allik (1970), who reported the 
natural frequencies of a piezoelectric disk and a simple piezoelectric structure. In 1972, 
Hunt et al. (1972) analysed and redesigned an axisymmetric sonar piezoelectric 
projector. Later in 1974, Allik et al. (1974) used FE method to analyse a complicated 3 
dimensional transducer model. 
 
While the transducer designers continue to explore the technique to model the highly 
complex design of ultrasonic devices (Bayliss, 1998), today, there exists a variety of 
transducer and array design softwares which are used in both industry and academia, 
capable of modelling and analysing piezoelectric materials and devices by taking 
environmental conditions and acoustic interaction effects into consideration. Some of 
the noteworthy packages along with their capabilities are shown in Table 2.2.  
 
Table 2.2: Common finite element (FE) packages for ultrasound applications (Kuntsal, 2009) 
 
 
Generally speaking, FEM works by breaking a real object down into a large number of 
small elements. The behaviour of each element, which is regular in shape, is more 
readily predicted by a set of mathematical equations. The summation of the individual 
element predicts the behaviour of the actual object. Liu (2001) and Kocbach (2000) 
provide details of the theory behind FEM with reference to the ultrasound transducer 
modelling. The two key analyses of relevance to the sandwich piezoelectric transducer 
design include modal and harmonic analyses. These are the integrated parts of PZFlex 
simulation package (Weidlinger Associates Inc, USA, 2.4-2011) which is used 
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extensively for the work reported in this thesis. PZFlex implements FEM to simulate an 
object’s response to specific loading conditions. It consists of three main components 
which are input, review and material files. 
 
• PZFlex input performs the pre-processing, such as model building, material 
assignment and simulations of a model.   
 
• PZFlex review post-processes the results and creates output displays and graphs 
as requested by the user. 
 
• PZFlex material contains the required material properties for a range of 
materials which are read directly into the input file.  
 
Modal Analysis 
 
Modal analysis is a way to describe the natural dynamic characteristics of a structure, 
such as frequency, damping and mode shapes. It involves determining the modal 
parameters of a structure to construct a modal model of the response. Modes 
(resonances) are inherent properties of a structure determined by the material properties 
(mass, stiffness and damping) and boundary conditions of the structure. These are used 
as a means for characterising the resonant behaviour of a piezoelectric transducer. 
Moreover, it helps to locate the nodal point and verify if it is coincident with the 
designed operating mode (Chang et al., 2005).  
 
The nodal point is the point where the axial velocity of the transducer remains zero. The 
mounting point is the place where the transducer is physically attached to its housing. It 
is desirable to have the nodal point coincident with the mounting point. Otherwise, the 
whole structure will interact with the transducer and this interaction may significantly 
change the resonant behaviour of the transducer. Consequently, some energy will be 
lost into the whole structure and the efficiency of the transducer will be decreased.  
 
Harmonic Analysis 
 
The frequency response of a structure can be obtained by means of the harmonic 
analysis which solves the time-dependent equations of motion for linear structures 
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under-going steady state vibration. In the case of a piezoelectric transducer, the 
harmonic analysis is performed by exciting the piezoelectric stack with an electric field 
at its resonant frequency. The transverse or longitudinal displacements, the electrical 
impedance of the transducer, the maximum stresses in the piezoelectric stack and in the 
stress bolt are derived. Self-heating in transducer during continuous operation can also 
be observed using harmonic analysis.  
 
2.3.4 Characterization of Transducer 
 
The characterization or testing of a transducer is vital in confirming its feasibility for the 
desired application. For underwater acoustic transducers in particular, the testing is 
conducted in both air and water which gives a good indication of transducer’s 
performance in water with reference to air. However, due to the nature of the 
application covered in this thesis, in-water testing was not required therefore, only in-air 
testing has been considered. The tests in air are generally of two types. The tests carried 
out during fabrication for quality assurance purposes and the tests after fabrication (on 
the completed transducer) to assess the performance for the desired application. 
  
 Polarity Check 2.3.4.1
 
Since considerable effort goes into the fabrication of these devices, it is often worth 
carrying out the polarity check test to ensure that the fabrication is proceeding 
satisfactorily. Before the stack is prepared, it is important to check the polarity of the 
rings in the stack. This can be done by connecting the voltmeter to each element in the 
stack of piezoelectric material and applying compression. The voltage generated due to 
the applied pressure should be in the poling direction of the elements. For example, in 
Figure 2.12, the positive of the voltmeter is connected to the ring surface with the poling 
mark. On applying pressure, the voltmeter shows positive voltage thus confirming that 
the side with the poling mark should be connected to the positive of the voltage source. 
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Figure 2.12: How to check the polarity of a piezoelectric element 
 
 Electrical Characterisation 2.3.4.2
 
Once the device is fabricated, the performance of the device can be analysed by 
carrying out impedance/admittance analysis, normally done by using an impedance 
analyser.  This equipment measures the transducer response at very small excitation 
voltages (10 mV to 1 Vrms) over a user-defined frequency range, and shows graphically 
the resonant and anti-resonant frequencies, the phase angle between the input and output 
response and the electrical impedance of the transducer over the frequency sweep 
(Agilent Technologies, 2008). The response obtained can be used to determine the key 
performance measurement parameters of a transducer. It is desirable to carry out the 
measurements before and after the transducer is mounted into its housing as this can 
serve as a useful test to validate the mounting method as according to Stansfield (1991), 
the mounting arrangement of a transducer may result in losses owing to which slight 
discrepancy in the performance is expected.  
 
Basic Parameters 
 
The basic parameters i.e. frequencies and corresponding impedances are obtained from 
impedance/admittance plots. These parameters are then used to determine most of the 
performance measurement parameters which are discussed in the following section. It is 
important to fully understand the impedance/admittance plots such that accurate values 
can be predicted.  
 
Consider a typical impedance/admittance plot in Figure 2.13, showing a single resonant 
mode of a transducer. When exposed to an AC electric field, a transducer changes 
dimension cyclically at the cycling frequency of the field. As the frequency is increased, 
the transducers oscillation first approaches a frequency at which the impedance, Z is 
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minimum (maximum admittance, Y) or in other words motional conductance, Gm is a 
maximum and thus the motional power is maximum at constant applied voltage. This 
minimum impedance frequency approximates the series resonant frequency, fs. This 
frequency is also known as the resonant frequency, fr or electrical resonant frequency, fe 
of the transducer.  
 
 
Figure 2.13: Electrical characterization methodologies to extract performance measurement 
properties - (a) impedance and (b) admittance plots of an ideal transducer 
 
As the cycling frequency is further increased, impedance increases to a maximum 
(minimum admittance) or in other words, the motional resistance is maximum. The 
maximum impedance frequency approximates the parallel resonant frequency, fp. This 
frequency is also known as the anti-resonant frequency, fa or mechanical resonant 
frequency, fm of the transducer. The maximum response from a transducer is normally 
achieved at the frequency between fe and fm i.e. the frequency where the impedance is 
50 Ω while being completely resistive. This is necessary for efficient power transfer 
between the power source and the transducer. In the following text, fe and fm will be 
used to represent resonant and anti-resonant frequencies respectively. 
 
Performance Measuring Parameters 
 
It is important to understand that piezoelectric materials and the devices based on these 
materials share some parameters though numerically these are different. Thus, care must 
be taken in distinguishing the following parameters, representing both transducer and 
piezoelectric materials: 
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Quality Factor, QM: 
 
Mechanical Q factor, QM is a dimensionless parameter that describes how damped a 
resonator or a transducer is. It characterises a resonator’s bandwidth relative to its 
central frequency. A higher value of QM indicates a lower rate of energy loss relative to 
the stored energy of the resonator i.e. the oscillation die down more slowly. The 
mechanical Q factor is defined by Eq. 2.7.  
 
  	 /"/0	/     . . 1 
 
Where, 
fs is the frequency of maximum G, Gms (resonant frequency) 
f1 and f2 are the frequencies where the value of G is half of Gms on both the lower and 
upper sides of fs. f2 – f1 represents the bandwidth of a transducer 
 
In the above, care must be taken in determining f1 and f2 as a slight variation can results 
in significant errors. While QM is important, it is sometimes useful to determine the 
electrical Q factor, QE which can be determined using the real and imaginary 
components of admittance, Gms and Bs respectively, at the resonant frequency. The 
typical Q values for a well-designed transducer (in air) are QM ≥ 20 – 50 and QE
2 ≤ 0.04 
(Stansfield, 1991). 
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Low Frequency Capacitance, CLF:   
 
At frequencies well below resonance i.e. around 1 kHz (Stansfield, 1991), the 
capacitance is effectively constant which is related to the susceptance, B, and angular 
frequency, ω, of the transducer by: 
 
89: 	 2!     . . ; 
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Dielectric Loss, Tan ξ:  
 
In practice a piezoelectric material behaves as an imperfect capacitor, losing a fraction 
of its stored energy for each cycle of the applied field. Such losses are also valid for a 
transducer and are denoted by tan ξ, representing the losses per cycle of the applied 
field. The dielectric loss factor is inversely proportional to the mechanical Q factor and 
can be determined at the same time as the capacitance measurement at low frequency 
i.e. 1 kHz (Stansfield, 1991).   
 
This loss factor may be measured at low field and this is often the value quoted in 
manufacturer’s data for piezoelectric materials. A good piezoelectric material and 
transducer should have tan ξ not exceeding 0.02 and 0.04 respectively, to avoid 
excessive heating of ceramic (Stansfield, 1991). The parameter can be calculated by: 
 
<=>?	  	32     . . @ 
 
Effective Coupling Coefficient, keff: 
 
The effective coupling coefficient, keff has a crucial role in determining the performance 
of any transducer. It indicates the effectiveness of the transducer in converting electrical 
energy to mechanical energy. It can be determined from an ideal admittance loop by 
using Eq. 2.11 which is based on transducer’s series (resonant) and parallel (anti-
resonant) frequencies, fs and fp respectively. However, in the case where the admittance 
loop is small and there exists other modes near the main resonance, Woollett (1966) has 
given a more accurate expression, in the form of Eq. 2.12, which involves a correction 
factor, QE. Typical values of keff² in air usually falls in the range of 0.1 – 0.3 (Stansfield, 
1991).  
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Experimentally, keff of a transducer is found by using the electrical measurements, 
similar to that used for the determination of coupling factors of piezoelectric materials. 
The difference in these two applications lies in the data processing. The transducer’s 
coupling factor is found directly from the measurements, whereas determination of the 
material’s coupling factor requires extraction of quasistatic properties from observations 
of a resonant mode. This is possible only when an exact theory for the vibrational mode 
exists (Woollett, 1966). Moreover, the coupling coefficient is inversely proportional to 
the mechanical Q factor, leading to a trade-off between the two parameters. These two 
parameters aid in selecting the correct transducer for a desired application. For example, 
in SONAR application, transducers with high keff are sought while in actuator 
applications, such as ultrasonic cutting, transducers with high QM are desirable.  
 
 Mechanical Characterization 2.3.4.3
 
The mechanical characterisation of a transducer is as important as the electrical 
characterization. Through this characterisation technique, a transducer can be tested for 
its performance during operation. Depending on the particular application, various tests 
can be performed. For the application covered in this thesis where an optimised 
transducer is used to actuate standard medical needles, the following two tests are of 
significance: 
 
Vibration Amplitude Test  
 
The amplitude with which a transducer or the tool attached to the transducer 
vibrates/resonates is very important. Three parameters representing motion which can 
be detected are displacement, velocity, and acceleration. These parameters are 
mathematically related whereby displacement is the first derivative of velocity and 
velocity is the first derivative of acceleration which can be derived from a variety of 
motion sensors. Selection of a suitable measurement system proportional to 
displacement, velocity or acceleration depends on the frequencies of interest and the 
signal levels involved. 
 
A wide range of sensors and devices are available for vibration measurements, such as 
optical microscope (Petosic et al., 2011), piezoelectric accelerometer and Fibre optic 
displacement sensor (Olivero; Perrone and Vallan, 2008). The method which has been 
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used in the work reported here is the laser interferometry.  It is considered very accurate 
and used extensively by many researchers working on ultrasound applications. 
McCulloch (2008), Lucas et al. (2001) and Park (2009) used this non-contact measuring 
technique to measure the vibrational velocities normal to the surface of the ultrasonic 
tools while Boucaud et al. (1999) used it to measure the vibrational amplitude of a high 
power transducer. 
 
Self-Heating  
 
The overall performance of a high power ultrasonic device can be substantially 
degraded due to the heating of piezoelectric material. Various losses in piezoelectric 
materials result in heating consequently degrading the performance thus, limiting the 
practical applications of multilayer devices (Wu, 2005 and Yao et al., 2000). Moreover, 
depolarization of piezoelectric material may also occur if the temperature exceeds the 
Curie point, Tc, leading to a complete loss of piezoelectric activity in the transducer. It 
is necessary to evaluate the temperature distribution in the transducer while being driven 
continuously at high drive voltages.  
Several studies on the subject of self-heating in piezoelectric transducers have been 
reported by Senousy et al. (2009). Heat generation in various types of multilayer PZT-
based actuators was reported by Zheng et al. (1996) and a simplified analytic method to 
evaluate the temperature rise was also developed. Wu (2005) investigated the effect of 
adhesive bond line on multi-layered transducer performance through the analysis of 
self-heating. Self-heating can be measured by contact means, such as thermocouples 
(Wu, 2005) and Resistance Temperature Detector (RTD) (Senousy et al., 2009). 
However, in the work reported here, self-heating is observed using a non-contact 
measuring technique, a thermal imaging camera. 
 
2.4 Piezoelectricity  
 
At the heart of any electro-acoustic or electro-mechanical transducer is a mechanism for 
converting electrical to acoustic or mechanical energy and vice versa. This mechanism 
is attributed to piezoelectric materials. The term “piezo” is derived from a Greek word 
for pressure. Piezoelectricity or pressure electricity is a property of certain types of 
crystalline material which was discovered by Jacques and Pierre Curie in 1880’s 
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(Heywang et al., 2008). It was discovered that if certain crystals are subjected to 
pressure or mechanical strain, a voltage is produced which is proportional to the applied 
pressure. This phenomenon was named as the “piezoelectric effect”. Later, it was also 
discovered that when an electric field is applied across the same material, a change of 
shape takes place. This phenomenon was named as the “inverse piezoelectric effect”.  
 
Considering the inverse piezo effect, if an alternating current is applied to the 
electrodes, the cylinder shown in Figure 2.14 will expand and contract at the same 
frequency as that of the applied voltage resulting in a mechanical vibration. The 
piezoelectric effects are often encountered in daily life, for example in gas lighters, 
loudspeakers and buzzers. In a gas lighter, pressure on a piezoelectric material ceramic 
generates an electric potential high enough to create a spark thus, representing “piezo 
effect”. Most of the electronic alarm clocks represent the “inverse piezo effect” as these 
do not use electro-magnetic buzzers anymore because piezoelectric materials are more 
compact and efficient.  
 
 
Figure 2.14: Basics of piezoelectricity - (a) piezo effect and (b) inverse piezo effect (Think Ceramics, 
2005) 
 
2.4.1 Transduction and Piezoelectric Relations 
 
Transduction in piezoelectric materials involves the interaction between the electrical 
and mechanical behaviour of such materials. To a good approximation (small signal 
level), this interaction can be mathematically described by a linear relation between 
mechanical and electrical variables known as constitutive relation in IEEE Standards 
(1987). The basic constitutive relations can be expressed in the following four different 
forms: 
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 I  JK − 	LM      Eq. 2.23         
N  LK −	OPM 
 
                     I  JQK − RN     Eq. 2.24 
M  SPN − RK 
 
 K  TI − 	UM       Eq. 2.25                 
N  OM − 	UI 
 
                    K  TQI − 	VN     Eq. 2.26 
M  SWN − 	VI 
 
Where, β and ε are dielectric constants, d, g, e and h are piezoelectric constants, and s 
and c are elastic constants. In the above equations the electrical quantities (E and D) 
have vector nature while the mechanical quantities (T and S) have tensor nature of six 
components. Thus, these equations are written in matrices form as shown in Figure 
2.15, which leads to a reduced representation of constitutive relations matrix. This 
matrix has ten non-zero independent elements, which represent the constants of 
piezoelectric materials. It contains five elastic constants, three piezoelectric constants, 
and two dielectric constants.  
 
Figure 2.15: Elasto-electro matrix - (a) general form and (b) using Eq.2.25 
 
2.4.2 Piezoelectric Constants 
 
The physical constants are tensor quantities, which are given two subscript indices. The 
first subscript gives the direction of the electric field associated with the voltage applied 
or the charge produced. The second subscript gives the direction of the mechanical 
stress or strain. In another explanation, the first subscript indicates the direction of the 
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stimulus while the second subscript refers to the reaction of the system. To identify the 
directions of the constants, the axes 1, 2 and 3 are introduced to represent the 
corresponding X, Y and Z of the classical right hand axis set as described in IEEE 
Standards (1987). The axis 4, 5 and 6, shown in Figure 2.16 are used to represent 
rotations or shear about these axes respectively.  
 
 
Figure 2.16: Directions of forces affecting piezoelectric element 
 
The direction of the polarization is normally considered to coincide with the Z-axis i.e. 
in the direction of axis 3. The direction of poling is the only axis of symmetry. The 
definitions of most frequently used coefficients are explained in Table 2.3. 
 
Table 2.3: Nomenclature and units of common parameters 
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2.4.3 Crystal Terminology 
 
A crystal is defined as a solid in which all the atoms are arranged in periodic structure 
throughout the material. The fundamental group of atoms within the crystal, which is 
used as the repetitive building block for all three spatial dimensions, is defined as the 
unit cell structure. Located at the edge of each unit cell are the indices used to describe 
the different axes of the crystal, with the most common being the [001], [010] and [100] 
planes. In a crystal with a cubic structure, the axes are all found to be of equal length 
and mutually perpendicular to one another. The faces of each crystal are specified in 
terms of their intercepts on the three axes (Cady, 1964). 
  
Figure 2.17: Crystallographic axes 
 
A crystal is categorised according to its symmetry. The seven different crystal systems 
are triclinic, monoclinic, orthorhombic, tetragonal, trigonal, hexagonal and cubic. These 
systems are further sub-divided into point groups or crystal classes, of which there are 
thirty-two. A crystal class is defined according to the symmetry of the crystal with 
respect to an individual point. Twenty-one crystal classes do not possess a centre 
symmetry, of which twenty exhibit the effect of piezoelectricity (Ballato, 1996). 
 
2.4.4 Crystal Structure 
 
The piezoelectric materials used in the work reported in this thesis i.e. piezoelectric 
ceramic and single crystal materials have a perovskite unit cell structure, shown in 
Figure 2.18, with general formula ABO3 where, A and B are cations.  
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Figure 2.18: Schematic diagram of a perovskite crystal structure (Wallace, 2007) 
The BO3 atoms form a framework of interconnected octahedral, possessing an oxygen 
atom at their six corners and a B ion in the centre. These octahedral are themselves a 
corner of a larger octahedron with an A ion at the centre. This symmetrical structure is 
present above the Curie temperature, Tc, of all perovskite materials and does not exhibit 
piezoelectricity because of its centre of symmetry. When the material is cooled below 
Tc, the crystal structure becomes tetragonal in shape with the B-site cation being 
displaced from its central position and the octahedral experiences a lengthening along 
the [001] axis. Further cooling will induce a phase transition to a rhombohedral 
structure (Lines and Glass, 1977). Figure 2.19 shows the effect of the phase transitions 
on the smaller octahedra. 
 
 
Figure 2.19: Effect of phase transition - (a) rhombohedral, (b) tetragonal and (c) cubic 
crystallographic structures (Wallace, 2007) 
 
The piezoelectric materials used in this thesis do not experience identical phase 
transitions with increasing temperature. Generally, PZT ceramics show a change in 
symmetry from rhombohedral to cubic but PMN-PT or PZN-PT crystals experience a 
change in symmetry from rhombohedral to tetragonal, Trt, and then from tetragonal to 
cubic, Tc. 
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2.4.5 Polarization and Depolarization 
 
The piezoelectric materials do not inherently behave as piezoelectric materials since 
their responses are not linear. These materials were originally investigated because of 
their ferro-electric properties. They are generally described as “electrostrictive” 
materials. They may however be converted to a more useful form in which they do 
show a linear response by a treatment known as poling.  
 
 
Figure 2.20: Crystal structure at (a) temperature above Tc and (b) temperature below Tc (PC 
Control Ltd., 2008)  
 
Above a critical temperature, Tc, each perovskite crystal in the piezoelectric element 
exhibits a simple cubic symmetry with no dipole moment (Figure 2.20a). At 
temperatures below Tc, however, each crystal has tetragonal or rhombohedral symmetry 
and a dipole moment (Figure 2.20b). Adjoining dipoles form regions of local alignment 
called domains. The alignment gives a net dipole moment to the domain, and thus a net 
polarization. However, the direction of polarization among neighbouring domains is 
random, so the piezoelectric element has no overall polarization (Figure 2.21a). 
 
The domains in a piezoelectric element are aligned by exposing the element to a strong, 
direct current electric field, usually at a temperature slightly below Tc (Figure 2.21b). 
Through this (poling) treatment, domains closely aligned with the electric field expand 
at the expense of domains that are not aligned with the field, and the element lengthens 
in the direction of the field. When the electric field is removed most of the dipoles are 
locked into a configuration of near alignment (Figure 2.21c). The element now has a 
permanent polarization, the remanent polarization, and is permanently elongated. 
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Figure 2.21: Polarizing (poling) a piezoelectric element (Source: http://www.pc-
control.co.uk/piezoelectric_effect.htm) 
 
In all types of piezoelectric materials, care must be taken in subsequent handling to 
ensure that the material is not depolarized i.e. loss of piezoelectric properties should be 
avoided. The piezoelectric materials may be depolarized electrically, mechanically or 
thermally. 
 
Electrical Depolarization 
 
Depolarization will occur electrically if a strong electric field is applied across the 
piezoelectric material in a direction opposite to the polarization direction. The field 
strength required to depolarize a piezoelectric material depends on many factors 
including, the material grade, its coercive field, Ec, the time the material is subjected to 
the depolarizing field and the temperature generated (Stansfield, 1991). Materials with 
low coercive field (Ec) are susceptible to electrical depolarization. 
 
Mechanical Depolarization 
 
Mechanical depolarization occurs when mechanical stress high enough is applied to a 
piezoelectric material as this can disrupt the orientation of the domains and hence 
destroy the alignment of the dipoles. The safety limits for mechanical stress vary 
considerably with material grade however soft piezoelectric materials are more sensitive 
to mechanical depolarization (Stansfield, 1991). 
 
Thermal Depolarization 
 
Many piezoelectric materials have the tendency to exhibit a change in internal electrical 
polarization as a response to the temperature changes. This is considered to be one of 
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the two main problems associated with the piezoelectric materials while the other is 
creep (Stansfield, 1991). Materials with low Tc are more susceptible to thermal 
depolarization and when exposed to excessive heat, a permanent loss of polarization can 
occur. In most applications, this phenomenon is an unwanted side-effect which causes 
measuring errors or even failure of sensitive electronic components. 
 
2.4.6 Piezoelectric Materials – Evolution and Development: 
 
Since the discovery of piezoelectric effect, several families of piezoelectric materials 
have been developed with researchers attempting to accentuate the more desirable 
properties and minimise the less appropriate properties for specific applications. 
Although these developments have resulted in similar materials, it is considered more 
appropriate to refer to the materials which operate below the Curie temperature as 
piezoelectric materials above the Curie temperature as electrostrictive materials. The 
piezoelectric materials are traditionally classified as soft and hard piezoelectric 
materials for which the characteristic comparison is shown in Table 2.4. Generally 
speaking, the two categories can be distinguished on the basis of the Curie temperature. 
Hard piezoelectric materials have Tc above 300ºC and results in limited dimensional 
changes while soft piezoelectric materials have lower Tc and exhibits greater 
dimensional changes.  
 
Table 2.4: Comparison between soft and hard piezoelectric materials 
 
 
Early Piezoelectric Materials 
 
Initially, a number of crystalline materials were shown to have piezoelectric behaviour. 
The most important was quartz which was later used as the basis for many piezoelectric 
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transducers including the production of many sonar transducers throughout the Second 
World War (Stansfield, 1991). Due to the lack of alternatives, quartz, with its 
comparatively weak piezoelectric effect was used as the active material within these 
systems but higher performance materials were continuously being sought. It was found 
possible to grow other piezoelectric crystals, such as Rochelle salt, ammonium 
dihydrogen phosphate (ADP) and Lithium Sulphate. Although these crystals provided 
temporary solutions, these were not ideal for underwater sensing purposes due to their 
water soluble nature. 
 
The next major development was that of magnetostrictive materials, which depended on 
the interaction between mechanical stress and magnetic (rather than electric) field in 
some metallic materials. Magnetostrictive transducers thus avoided some of the 
restrictions inherent in the piezoelectric crystals, and were relatively robust. These were 
commonly used through the 1940’s and into the 1950’s but were largely superseded by 
piezoelectric ceramics, except for some particular applications (Stansfield, 1991). 
 
Piezoelectric ceramics 
 
Piezoelectric ceramics were introduced in the early 1950’s and became the dominant 
materials for underwater transducers because of their good piezoelectric properties and 
availability. According to Newnham and Cross (2005), Von Hippell identified the 
dielectric and ferroelectric properties of barium titanate ceramics, BaTiO3, which 
became the first piezoelectric ceramic to be developed commercially and extensively 
used during 1950’s. By modifying the composition of BaTiO3, it was found that the 
temperature stability and the voltage output of the material could be improved 
(Papadakis, 1999). This work paved the way for the discovery of the strong 
piezoelectric effect in lead zirconate titanate (PZT) ceramics. According to Cross and 
Newnham (1987), the basic studies were carried out in Japan by Shirane and Takeda 
while the key studies which actually established the PZT system were carried out by 
Jaffe and co-workers in 1952, at National Bureau of Standards, USA. 
 
The lead zirconate titante ceramic compositions are a solid solution of the Pb(Ti,Zr)O3 
type, which can range from pure lead zirconate to pure lead titanate. Within this range, 
the structure adopts various crystalline forms which depend on the composition and 
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temperature. This variation in crystallographic structure can be understood with the help 
of the phase diagram, shown in Figure 2.22. 
 
 
Figure 2.22: Schematic phase diagram of PZT ceramic (Welberry 2009) 
  
The morphotrophic phase boundary, MPB, indicates the transition between the 
rhombohedral zirconium rich phase and the tetragonal titanium rich phase, which occurs 
for a ratio of Zr to Ti of 52/48 at room temperature (Cross and Newnham, 1987 and 
Stansfield, 1991). PZT ceramics with compositions at the MPB show high piezoelectric 
strain constant, d33, dielectric constant, Ɛ, and electromechanical coupling factors, kt and 
k33, making it the most suitable composition for various transducer applications. The 
effects of various additives have also been studied, resulting in a number of 
compositions (Stansfield, 1991). These compositions are generally classified into two 
groups whereby one group is intended for high power applications, such as SONAR and 
ultrasonic cutting, where, low dielectric and mechanical losses are desirable and the 
other is intended for low power applications, such as hydrophones, where, high 
permittivity and sensitivity is desired even at the expense of some degradation of high 
field characteristics. The most common piezoelectric ceramic materials available for 
high power applications are PZT-4 (LZT I) and PZT-8 (LZT III) and for low power 
applications are PZT-5 (LZT II) and PZT-5H (LZT IIH). 
 
Piezoelectric Single Crystals 
 
Piezoelectric single crystals have been known since the discovery of piezoelectricity in 
single crystals of quartz. However, no single crystals of useable size could be grown 
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and therefore, piezoceramics have dominated the commercial transducer market since 
the 1950’s. It was not until the work of Kutawa et al., (1982), that interest in 
piezoelectric single crystals was revived. Kutawa reported the high piezoelectric activity 
observed in the solid solution of lead zirconate niobate doped with lead titanate (PZN-
PT), with chemical formulation (x)Pb(Zn1/3Nb2/3)O3-(1-x)PbTiO3. Shrout et al., (1990), 
published similar findings in 1990 but based on the solid solution of lead magnesium 
niobate doped with lead titanate (PMN-PT), with chemical formulation 
(x)Pb(Mg1/3Nb2/3)O3-(1-x)PbTiO3. The main findings of this work concerned the dielectric 
behaviour of the single crystal and did not report the high piezoelectric coefficients 
achievable using the material. Nevertheless, material scientists and users such as Shrout, 
Kuwata and Oakley (Oakley, 2000) have continued to investigate the dielectric and 
piezoelectric properties of both these piezo crystals since the early 1990s resulting in 
improvements in areas such as material cost, reproducibility of high performance 
material, material yield, reduction of intrinsic defects, and the maximum dimensions of 
material available. 
 
The manufacturing process for PMN-PT piezocrystal differs from that of piezoceramics. 
In contrast to the bulk process used for PZT ceramics where the desired composition of 
raw materials are mixed, ball milled, granulated and then sintered at high temperatures 
between 1000°C and 1300°C (Physik Instrumente, GmBH & Co.), PMN-PT 
manufacturing process involves the growth of a boule from a seed crystal, along the 
length of a platinum crucible for a period of days or even weeks (Hill et al., 2004). 
PMN-PT was originally grown using the flux method but due to some difficulties, such 
as size enlargement, inter-growth, crystal orientation and mass production, the 
Bridgman methods have been developed which besides addressing the difficulties posed 
by the flux method offer good quality crystals (Wang et al., 2000 and Luo et al., 2006).  
 
Likewise the lead zirconate titante ceramic, the relationship between crystallographic 
symmetry, composition of PbTiO3 and temperature in PMN-PT and PZN-PT can be 
understood with the help of the corresponding phase diagrams. Figure 2.23 show the 
phase diagram of PMN-PT piezocrystal with labelled symmetries and morphotrophic 
phase boundary, MPB.  
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Figure 2.23: Schematic phase diagram of PMN-PT crystal (Yin, 2000) 
 
The morphotrophic phase boundary, MPB, represented by the line between the 
ferroelectric phases of rhombohedral and tetragonal symmetry is much shallower than 
that observed for PZT ceramic as noted in Figure 2.22 This means that PMN-PT 
experiences a lower temperature phase transition, Trt, where the material experiences a 
change is symmetry from rhombohedral to tetragonal and then finally to cubic on 
approach to Tc. Typically compositions with PbTiO3 close to MPB are favoured due to 
the extremely high piezoelectric properties which can be achieved as reported by 
various researchers (Peng et al., 2005 and Wang et al., 2007). 
 
Comparison of materials  
 
Since the work reported in this thesis mainly revolves around the piezoelectric ceramic 
and single crystal materials therefore it is necessary to give an account of comparison 
between the two types of piezoelectric materials. The supremacy of piezocrystals in 
terms of the performance measuring parameters has been observed by number of 
researchers. Table 2.5 lists some of the most important piezoelectric parameters directly 
relevant to the performance of various ultrasound transducers. The high coupling 
coefficient (k33) and low acoustic impedance (Zac) of PMN-PT and PZN-PT are 
preferable in designing high bandwidth transducers while the high strain coefficient (d) 
is desirable for actuator applications. On the negative side, the lower clamped dielectric 
constant (ƐT) results in reduced capacitance (C) and higher electrical impedance (Ze) 
which gives negative effects on transducer impedance matching with the power delivery 
system. Moreover, the reduced Ec and lower Tc mean that these materials can be 
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depoled at a lower electric field strength and temperature respectively. However, the 
recent advancements in single crystal technology have led to the development of new 
compositions, such as PIN-PMN-PT and Mn:PIN-PMN-PT which besides offering the 
extraordinary properties of PMN-PT and PZN-PT, also offer higher Ec and Tc, 
comparable to piezoceramics. Further details on these materials are given in Chapter 3 
of the thesis.  
 
Table 2.5: Comparison between key properties of piezoceramic and piezocrystal materials 
 
 
The ease with which large volumes of piezoceramics can be manufactured is reflected 
in the price of the material, which remains consistently low at about $0.01/mm3. In 
contrast to the piezoceramics, the initial price of PMN-PT piezocrystals was very high 
largely due to the difficulty in growing piezocrystals of useable size and its relatively 
high machining cost. However, with extensive development in a short period including 
improved growth techniques and higher volume manufacturing, the price of the material 
has reduced by more than an order of magnitude from $15/mm3 to less than $0.70/mm3 
(Sinoceramic Inc., Shanghai, China).  
 
2.5 Conclusion 
 
The first section of this chapter introduced the application of interest. Percutaneous 
needle diagnosis and therapies were explained in detail along with the challenges faced 
by interventionists in carrying out these procedures. The section gave an account of the 
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existing technologies in the field of needle procedures and their limitations in achieving 
the desired results. The second section outlined the principles of ultrasound and 
identified some of the applications. The basics required to understand the piezoelectric 
transducers were also given in this section.  
 
The third section dealt with sandwich piezoelectric transducer and discussed the 
relevant theory and characterization techniques. The section also discussed the history 
of finite element modelling (FEM) associated with ultrasound piezoelectric transducers 
and its role in developing efficient transducers. The final section of this chapter dealt 
with the piezoelectric materials. The section reported the evolution of piezoelectric 
materials focusing on piezoelectric ceramic and single crystal materials, both of which 
are used in the work reported in this thesis. 
 
In the following chapter, characterization of piezocrystals under extreme temperature, 
pressure, bias field and high drive conditions are reported. This is to understand the 
behaviour of the new piezocrystals under practical conditions so that these materials 
may be adopted effectively in high power ultrasound applications.  
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3 CHARACTERIZATION OF 
PIEZOELECTRIC MATERIALS 
After the success of piezoceramics, since the 1950’s, researchers have realised the 
significance of new high performance piezocrystals in a range of ultrasound 
applications. Since the first reporting of PZN-PT in 1982 (Kutawa, Uchino and Nomura, 
1982) and PMN-PT in 1990 (Shrout et al., 1990), the new piezocrystals with what are 
sometimes called “extraordinary” piezoelectric properties have found applications in 
various industries. With high dielectric constants (εr
T > 4000) and high electrical 
coupling coefficients (k33 > 0.9), these materials are ideal for medical imaging (Chen 
and Panda, 2005) and SONAR (Oakley and Zipparo, 2000) applications. Due to their 
high piezoelectric strain coefficients (d33 > 2000 pC/N), these materials are now also 
being considered for applications requiring high power generation, such as ultrasound-
assisted cutting (Atashev and Babitsky, 2007) and ultrasound actuators. PMN-PT is now 
more readily available than PZN-PT piezocrystals due to ease in production. However, 
several key issues need to be analysed to continue development of the piezocrystal 
technology, especially PMN-PT, particularly for high power applications.  
 
PMN-PT (binary) piezocrystals with composition (0.71)Pb(Mg1/3Nb2/3)O3 – (1-0.71)PbTi03, 
offering the maximum performance, have relatively low (rhomobohedral to tetragonal) 
phase-transition temperature, TRT (80°C) and Curie temperature, TC (120°C) (Qiu et al., 
2011). Strong temperature dependence of the dielectric constant impinges negatively on 
the transducer’s impedance matching with the power delivery system. This issue is 
particularly important for applications where temperature varies significantly and 
relatively rapidly, such as in ultrasound cutting and actuator applications, due to self-
heating (Kinsler et al., 2000). In such applications, piezoelectric materials are also 
subjected to significant pressures, in the region of 30 MPa due to the prestress used in 
the sandwich or mass spring configuration of piezoceramic based ultrasound 
transducers (Silva, Franceschetti and Adamowsk, 2006 and Radmanovic and Mancic, 
2004). PMN-PT also possesses low mechanical quality factor, QM (60-100) (Luo et al., 
2008), restricting its usage in applications, such as actuators where high QM is desired. 
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Furthermore, the low coercive field, Ec (2-3 kVcm-1) of this particular material may 
require DC bias to prevent depoling under high AC fields, especially in high power 
ultrasound applications, compromising the performance and cost (Zhang and Shrout, 
2010). In recent years, efforts have been made to develop further piezocrystals to 
address the issues relating to the stability at higher temperatures (Duan, Xu and Want, 
2005; Luo et al., 2008 and Liu et al., 2010). It has been demonstrated that PIN-PMN-PT 
(ternary) piezocrystals with 26 – 36 % PIN and 28 – 32 % PT have the potential to be 
used for high power ultrasound applications. These materials possess increased EC, QM, 
TRT and Tc as compared to PMN-PT with little compromise in terms of piezoelectric 
properties. 
 
The rise in demand for piezocrystals has also increased the demand for the complete set 
of properties for these materials. This is considered necessary for FEA, especially in 
high power applications, prior to the fabrication of ultrasound devices. Currently, there 
are few statements in the materials literature of the full elasto-electric matrix for PMN-
PT and even fewer for PIN-PMN-PT. Thus, considering the paucity for the complete set 
of properties, Sections 3.1 and 3.2 report small signal characterization of both 
compositions, carried out to obtain the full elasto-electric matrices under ambient 
conditions. Additionally, for both compositions, characterization of only limited 
parameters over a range of temperatures has been reported in the literature while the 
effects of pressure variation have been almost entirely neglected. Thus, considering the 
need of application-oriented characterization, especially for the kind of device reported 
in Chapter 4, the dielectric, piezoelectric and elastic properties of PMN-PT and PIN-
PMN-PT composition piezocrystals under elevated temperature (T), pressure (P) and 
electric field (EB) conditions are measured to assess their suitability under practical 
conditions. This work is reported in Section 3.3. Finally, considering the high power 
actuator applications specifically, large signal characterization of the effects of self-
heating on material performance is reported in Section 3.4. The work plan for the 
complete study is shown in Figure 3.1. 
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3.1 Materials 
 
Considering the norm in the literature (Peng et al 2005 and Wang et al 2007), 
compositions of piezocrystals close to morphotropic phase boundary (MPB) are 
recognized to have the highest piezoelectric performance. Commercially available 
PMN-32%PT is closest to MPB however, in previous practical work with a range of 
commercial materials, the properties of PMN-29%PT were found to lie within the 
tolerance band of PMN-32%PT whilst offering slightly higher resilience to elevated 
temperatures. Therefore, in the work reported here, binary piezocrystal with 
composition PMN-29%PT and ternary piezocrystal with composition close to the MPB, 
i.e. 26 - 36% PIN and 28 - 32%PT were used. The PMN-PT and PIN-PMN-PT 
piezocrystal samples were obtained from Sinoceramic (Shanghai, China; and State 
College, PA, USA) and TRS Technologies (State College, PA, USA) respectively. 
 
3.1.1 Small Signal Characterization 
 
Normally, a set of samples based on distinct geometries and crystal orientation is 
required to fully characterize a piezoelectric material i.e. to obtain a full elasto-electric 
property matrix. In the work reported here, the samples were specified to allow full 
characterisation according to the techniques presented in IEEE standard (1987) for 
piezoceramic characterisation, but with changes appropriate to the 4mm symmetry of 
piezocrystals. 
 
 
Figure 3.1: Diagrametic hierarchy for the material characterization 
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Table 3.1 lists the samples along with the relevant crystal orientation and geometry used 
for both small and large signal characterization work reported here. For the 
determination of the full property matrix, five physically distinct samples, as shown in 
the top five rows, are necessary. These include, thickness extensional (TE plate), length 
extensional (LE bar), length-thickness extensional (LTE narrow plate), and thickness 
shear (TS shear plate). A 45°-rotated LTE sample is also required and the TE sample is 
additionally utilised to obtain the breathing mode. Moreover, it was found that the bar 
sample (2nd row) for PMN-PT with thickness to width ratio of five, specified as 
standard, did not provide the desired 33-mode results. Thus, larger bars with aspect ratio 
of only three (6th row) were preferred as these were found to exhibit good uni-modal 
characteristics at the bar mode resonance and also provided parameters matching the 
data in the literature.  
 
For tests under practical conditions i.e. under temperature, pressure and bias field 
conditions, only the thickness extensional (TE) mode samples of both PMN-PT and 
PIN-PMN-PT compositions were used because of the uncertainties in the use of 
multiple samples as reported in Section 3.2, their simple geometry and ease of handling. 
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Table 3.1: Piezocrystal samples required for the measurement of complete elasto-electric matrix 
(Qiu et al., 2011) 
  
Specimen Geometry 
Crystal 
Specification
1
 
Plate 
Geometry 
l x w x t 
(mm
3
) 
Vibration 
Mode 
Cut
2
 
Number 
of 
samples 
 
[001] poled kt 
plate 
10 x 10 x 
1 
Thickness 
Extensional 
Mode 
(ZXt) 
0° 6 
 
[001] poled 
d33 bar 
2 x 2 x 10 
Length 
Extensional 
Mode 
(ZXt) 
0° 5 
 
[001] poled 
d31 plate 
10 x 3 x 1 
Length-
Thickness 
Extensional 
Mode 
(ZXt) 
0° 5 
 
[001] poled 
d31
45:Z plate 
10 x 3 x 1 
45°
Rotated 
Thickness 
Extensional 
Mode 
(ZXt)  
±45
° 
5 
 
[001] poled 
k15 plate 
10 x 10 x 
1 
Thickness 
Shear 
Mode 
(ZXt) 
0° 5 
 
[001] poled 
d33 bar 
4 x 4 x 12 
Length 
Extensional 
Mode 
(ZXt) 
0° 
3 
1 All samples are taken to be Tetragonal 4mm  2 Cut notation as defined is ANSI/IEEE Std 176-
1987, p.26 
 
 
t
l
w
[100]
[001]
[010]
t
l
w
[100]
[001]
[010]
l
wt
[100]
[001]
[010]
l
w
t
[100]
[001]
[010]
t
l
w
[100]
[001]
[010]
t
l
w
[100]
[001]
[010]
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Sample Preparation 
 
Although no sample preparation was required for the measurements under ambient 
conditions, optimisation in the TE mode samples were necessary to suit the 
experimental arrangements for the measurements under elevated pressure conditions. 
The laboratory equipment used could apply only a uniaxial load with maximum 
amplitude of 500 N. To reach the target pressure, P = 20 MPa, which was set 
considering the lack of prestress data available for piezocrystals and the fact that 
piezocrystals are more fragile than the piezoceramics, it therefore required a maximum 
sample area of 5 x 5 mm2. Considering the required width to thickness ratio of 10, 
specified as standard, this was achieved by thinning a PMN-PT and PIN-PMN-PT 
sample of thickness 1 mm and area 10 x 10 mm2 to 0.5 mm with a precision lapping / 
polishing machine (PM5, Logitech Ltd, Glasgow, UK). The thinned samples were then 
diced into four quarters with a precision dicing saw (APD1, Logitech Ltd, Glasgow, 
UK). The electrode after thinning was reapplied with silver paint (Agar Scientific Ltd., 
Essex, UK). These optimized samples allowed application of bias field, EB ≤ 2 kVcm
-1 
with a bias voltage, VB ≤ 100 V. The corresponding bias voltage was calculated based 
on the thickness, t of the sample using Eq. 3.1. 
 
     M2  XYZ 	    . .  
 
 
Figure 3.2: Optimised PMN-PT TE-mode plate for measurements under elevated pressure 
 
3.1.2 Large Signal Characterization 
 
Large signal characterization was carried out by using the thickness extensional (TE) 
and length thickness extensional (LTE) mode samples only. For both PMN-PT and PIN-
PMN-PT samples, the dimensions for the TE-mode plate were 5 x 5 x 0.5 mm3 and the 
LTE-mode plates were 10x3x1 mm3 and 10 x 2 x 0.5 mm3 respectively. A 10 x 10 x 1 
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mm3 TE-mode plate of PMN-PT was also studied. Although no sample preparation was 
required for the experiments, all samples were encased in copper housings, according to 
the schematic shown in Figure 3.4, to allow ease in holding the samples while they were 
driven with high amplitude CW signals. Alumina-filled epoxy was used to hold the 
sample in place primarily due to its good heat sink properties. 
 
 
Figure 3.3: Schematic of TE-mode plate encased in copper housing (a) top and (b) bottom view 
 
3.2 Experimental Arrangements  
 
This section details the experimental setup including the experimental protocol 
established for both small and large signal characterization techniques. 
3.2.1 Small Signal Characterization 
 
The small signal characterization was carried out under ambient conditions to determine 
the full property matrix and elevated conditions to observe variation in key parameters 
associated with the TE-mode plate under practical conditions. Thus, the experimental 
arrangements were established accordingly. 
 
Testing piezocrystals under ambient conditions is commonly practised. In the work 
reported here, a specially-constructed connection jig directly attached to an impedance / 
network / spectrum analyser (4395A, Agilent Technologies, Edinburgh, UK), as shown 
in Figure 3.4, was used. In this jig, the samples of all geometries, listed in Table 3.1, are 
placed on a gold-plated lower surface and contact is made to the upper surface with a 
spring-loaded, gold-plated Coda-Pin connection (Coda Systems Ltd, Essex, UK). 
Impedance spectra were recorded for the desired mode, contingent on the sample of 
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interest, using the Data Acquisition Module of the Piezoelectric Resonance Analysis 
Program (PRAP, TASI Technical Software Inc., Kingston, Canada).  
 
 
Figure 3.4: Impedance analyser with specially-constructed jig 
 
For testing under conditions of environmentally-imposed elevated temperature, Te, and 
pressure, P, the setup is shown in Figure 3.5. The TE sample was installed in the oven 
of an Instron Material Testing System (MTS) (SID 5564J3038, Instron Ltd, High 
Wycombe, UK). The oven besides providing a large temperature range from ambient to 
250°C, covering the usable range of piezocrystals used, provides access for the loading 
bars to apply uniaxial pressure through its floor and top. Special-purpose Tufnol 
applicator bars (Tufnol Composites Ltd, Birmingham, UK) were constructed as shown 
in Figure 3.5(c) and used with a coaxial stainless steel anvil arrangement to maintain 
alignment. Additionally, due to the low coercive field of PMN-PT, Ec ≤ 2 kVcm-1, and 
to have a consistent setup for both materials, DC bias voltages were applied with a high 
voltage power supply (Model PS/EH01P100L, Glassman High Voltage Inc., NJ, USA) 
decoupled from the impedance analyser with a 0.1 µF capacitor rated to 3 kV in series 
with the sample.  
 
CHARACTERIZATION OF PIEZOELECTRIC MATERIALS 
Muhammad Rohaan Sadiq Page 58 
 
 
Figure 3.5: Experimental setup for small signal characterisation (a) block diagram and (b) general 
view (c) detailed view (Qiu et al., 2011) 
 
To allow electrical contact with the samples, this setup required an alternative 
arrangement. To achieve this, two arrangements, as shown in Figure 3.6, were 
investigated against the arrangement used for the measurements under ambient 
condition. Initially, a small glass-fibre reinforced polymer (GFRP) printed circuit board 
(PCB) based fixture was used. Although, it effectively isolates the sample acoustically 
from the anvil, slight variation in the parameters due to the lossy characteristics of 
GFRP was recorded. Thus, including the measurements reported here, machined brass 
components were used which besides preventing effective acoustic coupling through 
dry contacts and the inherent surface roughness of brass, allow flexibility in handling a 
range of sample geometries. Additionally, the brass fixture provides provision for a 
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thermocouple, shown in Figure 3.6(b), which makes temperature measurements close to 
the sample possible. 
 
 
Figure 3.6: Contact arrangements - (a) GFRP PCB holder (b) machined brass holder (Qiu et al., 
2011) 
 
During operation, the Instron MTS controlled and monitored the load applied to the 
sample. The desired temperatures were achieved and controlled using the manual 
adjustment option of the Instron oven. The impedance analyser was connected to the 
sample with a heat-resistant coaxial cable (Belden, Richmond, IN, USA). All cables 
were kept as short as possible and a full calibration and compensation procedure, in 
accordance with the instruction manual (4395A, Agilent Technologies, Edinburgh, UK, 
2008) was used. Impedance spectra were recorded for a range of temperature, pressure, 
and bias field settings, in a manner described in Section 3.2.4, using the Data 
Acquisition Module of the PRAP software.  
 
3.2.2 Large Signal Characterization 
 
The experimental setup for large signal characterization was more safety oriented as 
compared to the setup detailed for small signal characterization. The application of high 
voltages, both AC and DC, required additional safety measures. This was handled with 
careful experimental configuration, including the use of specialised high voltage cables 
and connectors wherever necessary. Measurements with applied DC bias can be 
performed with an impedance analyser by isolating the DC bias signal from the 
measurement system. However, high drive requires the application of AC signals, 
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making it impossible to isolate the impedance analyser effectively, and thus preventing 
its use as a measurement system. A specific measurement system was therefore 
developed as shown in Figure 3.7 allowing both AC and DC sources to be isolated from 
each other while being applied to the sample simultaneously. 
 
 
Figure 3.7: Block diagram of experimental setup for large signal characterization – enclosure 1 for 
protection and enclosure 2 for measurement 
 
The two signal sources, i.e. DC power supply to provide bias voltage and power 
amplifier to provide AC signals, were isolated with a high voltage diode and capacitors 
in one physical enclosure, “Enclosure 1”. Two 0.1µF capacitors were used in series to 
reduce the risk of damage to instrumentation if one capacitor failed. Connections to the 
sample and for electrical measurement were achieved with components in a separate 
physical enclosure, “Enclosure 2”. Direct measurement of the voltage across the sample 
was performed using a digital oscilloscope with a 100X probe. Direct measurement of 
the current through the sample was performed by measuring the voltage across a 1Ω 
resistor in series with the sample, using another channel on the same digital 
oscilloscope. The connections for this were arranged so that both voltage and current 
measurements maintained the same electrical ground level, with the ground level for the 
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sample connected via the 1Ω resistor above the oscilloscope ground level. All the 
electrical connections inside the enclosures were insulated carefully using heat shrink 
tubes (RS Components Ltd., Corby, UK). 
 
Normally, high drive leads to elevated sample temperatures. Because these are 
localised, the sample mounting becomes important. The samples were therefore 
mounted in rudimentary transducer housings, comprising copper tubing with a 
membrane of alumina-filled epoxy to hold the sample in place, as shown in Figure 3.8. 
Cabling was connected to each sample using conductive tracks from the sample 
electrodes to connection points on the epoxy membrane to avoid direct connections 
physically affecting the sample behaviour. The housings did not include back plates so 
that both test surfaces of the samples were exposed to allow simultaneous probing with 
the laser vibrometer (OFV2570 / OFV534, Polytec Ltd, London, UK) on one side and 
the thermal imaging camera (FLIR Systems Inc., UK) on the other. 
 
 
Figure 3.8: Samples encased in copper housing - (a) TE mode plate and (b) LTE mode plate 
 
3.2.3 Software Analysis  
 
For small signal characterization under ambient and environmentally elevated 
temperature and pressure conditions, as well as with different bias voltages, PRAP 
software with the 4mm symmetry module was used. Although it is possible to use PRAP 
software in highly automated mode whereby the software assists the user in identifying 
the appropriate resonances and curve-fitting, in the work reported here, minimally 
automated mode was adopted universally. This is because the piezocrystals were found 
to be more susceptible to unwanted modes as reported by Wallace et al., (2008) and 
observed in Section 3.3.3, leading to the need of care during the basic curve-fitting 
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process. The parameters calculated using PRAP were based on specific geometry of the 
samples used and did not allow the measurement of full elasto-electric matrix. Thus, 
these calculated parameters were transferred into a custom spread sheet, shown in 
Appendix A, to obtain the missing matrix elements.  
 
3.2.4 Experimental Protocol 
 
For the measurements under environmentally elevated temperature and pressure and 
bias field conditions, four key parameters including thickness mode coupling 
coefficient, kt, permittivity at constant strain, ε
S
r33, stress constant, e33 and stiffness 
constant, c33, were determined. These were obtained by collecting and analysing the 
impedance curves in the following ranges: 
 
• The temperature (Te) range was chosen from 20°C to the depoling temperature. The 
impedance curves were obtained after every 20°C while in the sensitive regions 
where the properties were expected to vary abnormally, such as around the MPB 
and the Curie temperature, TC, data were recorded in steps of 10°C and 5°C. 
 
• The pressure (P) range 0 to 20 MPa was selected. The impedance curves were 
obtained in steps of 2 MPa. 
 
• The DC bias field (EB) range 0 – 2 kV/cm was chosen, with the measurements 
taken in steps of 1 kV/cm. Considering the thickness of the samples used i.e. 0.5 
mm, the measurements were taken at bias voltages (VB) 0, 50V and 100V 
respectively. 
 
In case of large signal characterization, the samples were driven with incrementing AC 
signals in the presence of a constant DC bias of 100V. Variation in parameters, such as 
permittivity at constant stress, εTr33, stiffness constant, c
D
33, strain constant, d33 and 
compliance, sE11, were observed under self-heating conditions, achieved by driving the 
TE- and LTE- mode plates at low frequency (fL), electrical (fe) and mechanical (fm) 
resonant frequencies. The parameters were obtained in the following manner: 
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• εTr33 was obtained by measuring voltage and current across the samples which in 
turn gave impedance (Z) at low frequencies ([		 -90°
. The measurements were 
taken in steps of 20V for the AC signal. 
 
• d33 and s
E
11 were obtained by measuring strain and frequency shift at the electrical 
resonant frequency ([		0°	and	Z = 50Ω). The measurements were taken in steps of 
2V. 
 
• cD33 was obtained by measuring frequency shift at the mechanical resonant 
frequency ([		0°). The measurements were taken in the steps of 2V. 
 
3.3 Results 
 
The sets of material data obtained and reported in this work can be divided into three 
types. The first set is based on the full elasto-electric matrix (Berlincourt, Curran and 
Jaffe, 1964) measured with five distinct samples. Besides being technically necessary 
for FEA in general, the matrix was important for the theoretical work reported in 
Chapters 4 and 6 for needle actuating device and d31-mode planar mode respectively. In 
Section 3.3.1, data to complete the elasto-electric matrix for ambient conditions is 
presented. Non-uniformity of selected properties across several samples is also reported 
in Section 3.3.2.  
 
The second set of material data is based on single sample geometry, in this case the TE-
mode plate. From this, temperature, pressure and bias field dependent data were 
obtained as reported in Section 3.3.3. This data is sufficient for 1D modelling and 
clearly illustrates the complexity of behaviour of the piezocrystals, through trends and 
variations in key piezoelectric parameters, under practical conditions. The third and 
final set of data, reported in Section 3.3.4, relates specifically to the high power 
applications. Based on simple sample geometries, in this case the TE- and LTE- mode 
plates, variation in key piezoelectric parameters with self-heating were observed by 
driving the samples with high drive CW signals in the presence of DC bias at 
corresponding frequencies.  
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There are various ways to express losses in piezoelectric materials. In the work reported 
here, following the example of McLaughlin et al. (2005; 2007), loss effects are 
neglected. Moreover, the experimental error is rarely reported in the literature for 
piezocrystal property measurement. Although in the work reported here, the norm in the 
literature is followed, note the error in the control variables, Te ± 2°C, P ± 0.4 MPa and 
VB ± 11 V, the latter relating to the 1 kV DC supply used. 
 
3.3.1 Full Elasto-Electric Matrix 
 
There are relatively few statements in the literature of the full elasto-electric matrix for 
PMN-PT and even fewer for PIN-PMN-PT. In the work reported here, complete set of 
parameters was determined for both materials under ambient conditions, as shown in 
Table 3.2. These are generally in good agreement with values published in the literature 
(Luo et al., 2008) as most of the parameters are within 20% tolerance. However, 
unexpected behaviour is also observed in some parameters, especially for PIN-PMN-
PT. 
  
Table 3.2: Full elasto-electric matrix for PMN-29%PT and PIN-PMN-PT 
 
(a) Measured and derived elastic compliance and elastic stiffness constants, 
Sij (10-12 m2/N) and Cij (1010 N/m2) 
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(b) Measured piezoelectric coefficients, 
dij (10-10 C/N), eij (C/m2), gij(10-3 Vm/N), hij(108 V/m)
 
 
(c) Electromechanical coupling factors and dielectric permittivity
 
 
By examining the conversion formulae for 4mm symmetry crystals, the measured 
parameters can be divided into three groups. First, the elastic constant, cE66 is separated 
from others because it is not related to the piezoelectric effect and there is a simple 
relation between elastic stiffness and compliance, i.e., sE66 = 1/c
E
66. Second, c
E
44, c
D
44 
and εT11 are grouped together because they are related only to e15, d15, ε
S
11 and 
s
E
44=1/c
E
44. Finally, c
E
11, c
E
12, c
D
33, s
E
11 and s
D
33, ε
T
33, k33, k31, kt as well as d33 are 
interrelated. It is seen that the variation of a quantity in one group can affect only the 
quantity derived by using the quantities in the same group. In other words, error 
propagation happens only within the same group.  
 
As far as the obtained matrices are concerned, the relation between sE11 and s
E
33 is 
unusual. Normally, sE33 is larger than s
E
11 whereas here the two values are close to equal 
with sE33 for both materials being approximately 10% smaller than the values quoted in 
literature (Luo et al., 2008). The value of sE33 depends on the measurement from the bar 
sample. Although, in the case of PMN-PT, the bar sample with a thickness to width 
ratio of three (6th row in Table 3.1) was preferred based on its good uni-modal 
behaviour and characteristics, it was observed that the sample with an aspect ratio of 
five (2nd row in Table 3.1) produces even smaller values. The reason behind this 
variation is presently unknown. 
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The shear properties, in particular elastic compliance, s66 and stiffness constants, c66, 
measured for PIN-PMN-PT are of concern as significant differences between measured 
and published data were observed. The elastic compliance, sE66 and s
D
66 were found to 
have significantly smaller values than the published values and the values obtained for 
PMN-PT. Since compliance (s) is inversely proportional to stiffness (c), the values 
obtained for cE66 and c
D
66 were also affected. The value of s
E
66 and s
D
66 depend on the 
measurement from the 45°-rotated LTE mode plate sample (4th row in Table 3.1) and it 
was found that sE11 (45°) value measured for PIN-PMN-PT is 11.1 x 10
-12 m2/N which 
is approximately 60% smaller than the value obtained for PMN-PT i.e. 27.1 x 10-12 
m2/N.  
 
3.3.2 Sample Consistency 
 
Due to the access to a larger number of samples than the minimum required, 
characterisation to estimate sample-to-sample variation was possible. The results from 
testing six TE-mode PMN-PT and PIN-PMN-PT plates are shown in Figure 3.9. The 
data for PMN-PT samples is drawn from the work reported in Qiu et al., 2011. Of 
particular concern are the low Ɛr33
T value of PIN-PMN-PT and the variations in kt, e33, 
and εr33
S in both materials, as these particularly affect the performance of the material in 
use. Nevertheless, it should be noted that, generally, the PIN-PMN-PT samples are 
more consistent than their PMN-PT counterparts.   
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Figure 3.9: PMN-PT (Qiu et al., 2011) and PIN-PMN-PT samples uniformity with respect to the 
key piezoelectric materials relative to TE-mode 
 
3.3.3 Variation with Pressure, Temperature and DC Bias 
 
To illustrate the basis of the calculations of material properties with variation in T, P 
and EB, Figure 3.10 shows the electrical impedance magnitude and phase plot for 20°C 
≤ T ≤ 125°C obtained for a PMN-PT TE-mode plate which is in principle same as PIN-
PMN-PT counterpart. The frequency range for these graphs was specified to cover the 
thickness mode resonance. As noted previously by Wallace et al., (2008), other minor 
modes below the thickness mode resonance, especially between f ≈ 3 MHz and f 
≈ 3.5 MHz are evident. Although these modes are not considered in further detail here, 
it was observed that their behaviour changes rather randomly with temperature.  
 
The PRAP software, outlined in Section 3.2.3, allows measurement of specific material 
properties contingent on the mode under observation using the data shown in Figure 
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3.10. For the measurements reported for elevated conditions, four key parameters: 
coupling coefficient (kt), stiffness constant at constant electric field (c33
E), piezoelectric 
stress constant (e33), and relative permittivity (εr33) are considered. Although 
permittivity at constant stress, εr33
T, is convenient to measure, permittivity at constant 
strain, εr33
S, is more significant for application covered in this thesis. The data for these 
parameters were measured for temperature range, 20°C to depoling and pressure range, 
0 to 20 MPa at three different bias fields, EB = 0, 1, 2 kVcm
-1. 
 
 
 
Figure 3.10: Electrical impedance spectra variation with temperature (a) magnitude and (b) phase 
(Qiu et al., 2011) 
 
Variation with Temperature and DC Bias  
 
The temperature dependency of the TE-mode resonance can be divided into three 
temperature ranges based on Figures 3.11 and 3.12, representing PMN-PT and PIN-
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PMN-PT respectively (all temperature ranges approximate). For 20°C < Te < 80°C, 
there is a very clear thickness mode resonance and the material is operating 
piezoelectrically as intended. The main phase transition zone around TRT (Zhang and 
Shrout, 2010) occurs at 80°C < Te < 120°C. In this range, the piezoelectric behaviour 
deteriorates significantly, followed by slight recovery. Finally, at T > 120°C, the 
material is depoled completely and piezoelectric behaviour disappears. 
 
As expected from the literature, the usable range for PMN-29%PT is approximately 
20°C < Te < 80°C. In Figure 3.11 (b), εr33
S shows reasonable uniformity from ambient 
temperature up to around 80°C. Nevertheless, variation upwards from the value at 20°C 
of more than 50% is evident, this occurring particularly in the temperature interval 
60 - 80°C, parallel to the phase transition temperature zone. A peak is then expected at 
Tc, followed by a rapid fall. In the data shown in Figure 3.11 there are also peaks above 
Tc. This is attributed to the presence of the bias field. Variations in kt, c33
E and e33 in the 
temperature range 20 – 80°C are also apparent, notably a reduction in kt of almost 20% 
when a bias field is absent and an increase in e33 of more than 10% when a bias field is 
present.  
 
 
Figure 3.11: Variation in PMN-PT parameters with Te and EB (Qiu et al., 2011). Key: (a) thickness 
mode coupling coefficient, (b) relative permittivity at constant strain, (c) stiffness at constant 
electric field and (d) piezoelectric stress constant 
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The PIN-PMN-PT sample followed a similar trend to that of PMN-PT, but it is more 
consistent against temperature, with Tc ~ 150°C and usable range approximately 20°C < 
T < 90°C, extended by 20°C and 10°C respectively as compared to the PMN-PT 
sample. However, within this range, by comparing measurements at 20°C and 90°C, 
variation of more than 50% was observed in εr33
S in the presence of the bias field. 
Variations in kt, c33
E and e33 in this range are also apparent from Figure 3.12.  
 
 
Figure 3.12: Variation in PIN-PMN-PT parameters with Te and EB. Key: (a) thickness mode 
coupling coefficient, (b) relative permittivity at constant strain, (c) stiffness at constant electric field 
and (d) piezoelectric stress constant 
 
 
The bias field had minimal influence within the usable range, while its main effect was 
observed between TRT and Tc. This can be attributed to the high coercive field, EC, of 
PIN-PMN-PT. Table 3.3 compares the two materials on the basis of the variations in the 
parameters over temperature range 20°C < Te < 80°C. It is interesting to note that 
although PIN-PMN-PT possesses high TRT and Tc, the variation in the parameters is 
similar to that of PMN-PT. These large variation questions their feasibility for 
applications where self-induced and environmental temperatures are of the order similar 
to the working envelope of these piezocrystals. 
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Table 3.3: Variation in materials parameters with Te and EB for 20°C < Te < 80°C (Reference Te = 
20°C and P = 0 MPa) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variation with Pressure and DC Bias  
 
As far as the variation with pressure is concerned, all four sets of data for PMN-PT 
showed evident variations with increasing pressure, as shown in Figure 3.13. Broadly, 
εr33
S increases with pressure but reduces with bias field. Stiffness, c33
E, follows similar 
trend but the relative changes are much smaller. The effect of bias field is also 
prominent here. The trends in kt are opposite to those obtained for εr33
S and c33
E, as it 
reduces with pressure and increases with the bias field. The piezoelectric stress constant, 
e33, although follows the trend similar to kt, reduces with bias field.  
 
Generally, the behaviour of the coupling coefficient, kt, is uniform. However, including 
the variations in c33
E and e33, a perturbation is evident in the region, P ≈ 10 - 12 MPa. 
This might be termed as the pressure transition zone. By comparing the parameters at 0 
MPa and 20 MPa, as shown in Table 3.4, εr33
S exhibits the largest variation, increasing 
by more than 20% for 0 ≤ P ≤ 20 MPa, regardless of EB. Also notably, kt falls by more 
than 10% for the same pressure range. 
 
Material PMN-PT PIN-PMN-PT 
εr33
S
 + 53.7% 53.4% 
- 5.20% 0.0% 
kt + 0.0% 0.0% 
- 19.2% 17.7% 
C33
E + 1.1% 1.3% 
- 0.4% 0.4% 
e33 + 5.2% 0.0% 
- 5.9% 13.3% 
+: maximum variation above the reference. -:maximum variation below the reference. 
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Figure 3.13: Variation in PMN-PT parameters with P and EB (Qiu et al., 2011). Key: (a) thickness 
mode coupling coefficient, (b) relative permittivity at constant strain, (c) stiffness at constant 
electric field and (d) piezoelectric stress constant 
 
Variation trends in parameters obtained for PIN-PMN-PT are shown in Figure 3.14. 
Trends of kt and c33
E are more uniform than that observed for PMN-PT. Generally, the 
presence or absence of DC bias has no prominent effect on the variation of any 
parameter. kt constantly falls with pressure and continues to do so whereas, in the case 
of PMN-PT, kt became stable at high pressures. εr33
S increases while e33 reduces with 
pressure but both parameters followed an indefinite trend with changes throughout the 
whole pressure range. The reason behind this behaviour is presently unknown. 
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Figure 3.14: Variation in PIN-PMN-PT parameters with P and EB. Key: (a) thickness mode 
coupling coefficient, (b) relative permittivity at constant strain, (c) stiffness at constant electric field 
and (d) piezoelectric stress constant 
 
Table 3.4 compares the two materials on the basis of the variations in their parameters 
over the pressure range 0 MPa < P < 20 MPa. It is interesting to note that the variation 
in all parameters for PIN-PMN-PT is slightly more than that observed for PMN-PT 
while particularly large variations are observed in the region 0 MPa ≤ P ≤ 12 MPa for 
both materials. Generally, such large variations at 20 MPa are of concern for high power 
applications, involving sandwich configuration transducers, where high prestress ≥ 20 
MPa is desired to ensure effective acoustic coupling and efficiency.  
 
Table 3.4: Variation in materials parameters with P and EB for 0 MPa < P < 20 MPa (Reference T = 
20°C and P = 0 MPa) 
 
 
 
 
 
Material PMN-PT PIN-PMN-PT 
εr33
S
 + 22.3% 17.4% 
- 0.0% 14.7% 
kt + 0.0% 0.0% 
- 10.9% 23.7% 
c33
E + 2.5% 3.2% 
- 0.1% 0.0% 
e33 + 4.6% 0.0% 
- 4.8% 26% 
+: maximum variation above the reference. -:maximum variation below the reference. 
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3.3.4 Performance Variation with Self-heating 
 
An important finding from this work is that self-heating under conditions of electrical 
excitation generates significant temperature variation across the sample. Figure 3.15 
illustrates this by showing the steady state temperature profile across a 10 x 10 mm2 TE-
mode PMN-PT plate under 25 Vp-p (10 W) continuous excitation at the electrical 
resonance frequency. It can be seen that there is a variation of around 15°C (~18 %) 
across the plate, relative to the maximum temperature of approximately 80°C.  
 
 
Figure 3.15: Self-heating in TE-mode sample at 25 Vp-p (10 W) 
 
Such a variation is significant when related to the measurements made under conditions 
of environmentally-elevated temperature, as it suggests that the behaviour of different 
regions of a single sample of the material will be significantly different, in turn leading 
to the possibility of highly complicated behaviour overall. For example, the data in 
Figure 3.15 suggest that some regions of the sample will have undergone the TRT, 
rhombohedral to tetragonal phase transition, whilst others will still be operating clearly 
in the rhombohedral material phase. As is evident from Figure 3.10, the electrical 
impedance characteristics of these different regions will differ significantly.  
 
A comparison between PMN-PT and PIN-PMN-PT, through smaller samples, suggests 
that generally both materials behave similarly under high drive condition with 
temperature varying by approximately 15% in the TE-mode plates under 15Vp-p, 
continuous excitation at the respective electrical resonant frequencies. However, the 
case of LTE-mode plates is different with variations being approximately 25% and 7% 
in PMN-PT and PIN-PMN-PT samples respectively.  Figure 3.16 shows (a) the 
measurement plan for point by point temperature measurement and (b) the actual 
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thermal images of PMN-PT TE- and LTE- mode plates under 15 Vp-p (0.85 W) and 12.5 
Vp-p, (0.02 W) continuous excitation at the respective electrical resonance frequencies.  
 
In both cases, the surrounding epoxy, being acoustically lossy, heats up more with even 
small drive signals as compared to the piezoelectric materials. From the trends observed 
for both PMN-PT and PIN-PMN-PT samples, the average temperature rise is about 20% 
in piezoelectric material and 66% in epoxy from room temperature (27°C).  
 
 
Figure 3.16: Self-heating in PMN-PT TE-mode sample (a and b) at 15Vp-p (0.85 W) and LTE-
mode sample (c and d) at 12.5Vp-p (0.02 W) - (a and c) measurement plan and (b and d) actual 
thermal image 
 
Detailed data were obtained for four key material parameters which included εr33
T, d33, 
c33
D and s11
E. These parameters were measured at specific frequencies, in order of 
increasing frequency: permittivity at constant stress, εr33
T at low frequency (fL), strain 
coefficient, d33 and elastic compliance, s11
E at the electrical resonance frequency (fe), 
and stiffness constant, c33
D at the mechanical resonance frequency (fm). Figure 3.17 
shows the temperature rise as a function of drive voltage in a PMN-PT TE-mode plate 
when driven at the frequencies of interest. The rapid rise in temperature at the electrical 
resonant frequency is critical to the performance of piezoelectric materials and thus the 
ultrasound transducer incorporating the piezoelectric material. 
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Figure 3.17: Temperature as a function of drive voltage for PMN-PT TE-mode plate 
 
Figure 3.18 shows the variation in the parameters as a function of drive voltage for both 
materials. The permittivity, εr33
T, is of the correct order of magnitude, but lower than the 
figure in Table 3.2. Nevertheless, it is within the bounds reported by the suppliers and 
measured in some samples. Whilst the temperature changes by only a few °C, this being 
a function of the low piezoelectric activity at the low excitation frequency, there are 
much larger changes in permittivity, which would affect the electrical impedance 
matching if realised in practice.  
 
The strain coefficient, d33, is slightly lower than the value reported in Table 3.2 for 
PMN-PT and significantly smaller for PIN-PMN-PT, which may be due to two reasons. 
First, the surface displacement used in its derivation is very strongly affected by 
resonance rather than being a fundamental material property. Second, it is measured for 
a TE-mode plate, whereas the conventional d33 strain coefficient is applicable for a bar 
sample only. It is expected that these two effects act in opposition i.e. resonance will 
tend to increase the surface displacement as a function of applied voltage whereas the 
constraining effects of the plate geometry will reduce it. A further complicating effect is 
the rapid temperature change contingent on the excitation at or near fe. This has the 
direct effect of altering the material behaviour and thus potentially the resonant 
frequency.  
 
The final parameters measured under high drive conditions were stiffness at constant 
electric displacement, c33
D, and compliance at constant field, s11
E. These were measured 
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at fm (electrical impedance maximum) and fe (electrical impedance minimum) for TE- 
and LTE- mode plates respectively. The results quite accurately match the figures in 
Table 3.2. However, when the temperature starts to rise, the stiffness starts to fall 
instantly while compliance shows a rather distinct behaviour as it initially rises and then 
shows a continuous downward trend. For both PMN-PT and PIN-PMN-PT samples, the 
percentage variation is around 3% for stiffness coefficient and 30% for compliance. 
 
 
Figure 3.18: Variation in parameters due to self-heating. Key: (a) relative permittivity at constant 
stress, (b) piezoelectric strain coefficient, (c) stiffness at constant electric displacement and (d) 
compliance at constant electric field 
 
It is difficult to prove if the variations in frequency and impedance, subsequently 
affecting the key parameters, as shown in Figure 3.18, are due to the heating in the 
sample or the surrounding epoxy. However, the variation trends noted especially for 
c33
D and s11
E, shown in Figure 3.18 (c and d), resemble those observed under the 
conditions of elevated temperature in Section 3.3.3. This suggests that the heating of 
surrounding epoxy in this case is essentially similar to the environmental heating 
reported in Section 3.3.3.  
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The data reported here particularly illustrates the complexity of measurement of 
piezocrystal properties under high drive conditions resembling those in practical 
operation. The local experimental arrangements were the best possible with the facilities 
available and offer significant possibilities for future investigation. However, the 
fundamental complications noted in this work and the data that have been presented 
indicate that any such investigation should take as much advantage as possible of 
constraints imposed by specific practical transducer configurations and should happen 
in parallel with development and investigation of transducers instrumented to determine 
their behaviour directly. 
 
3.4 Discussion and Conclusion 
 
Considering the need for the application-oriented characterization to match the high 
power and actuator applications specifically, this chapter reported small and large signal 
characterization of binary (PMN-PT) and ternary (PIN-PMN-PT) compositions of 
piezocrystals. The choice of compositions was made based on the outcome of the 
previous work and the fact that compositions close to MPB have the highest 
piezoelectric performance. 
  
The work was essentially carried out in three stages. The first stage was to establish a 
robust characterisation process based on the IEEE standard method (1987) to obtain full 
elasto-electric matrices, especially for FEA work necessary for the devices reported in 
Chapter 4 and 6. The results obtained are reported in Section 3.3.1. The undesirable 
non-uniformity within the samples from a single batch, reported in Section 3.3.2, led to 
an optimisation approach adapted to calculate the full matrix. The resultant matrices for 
both PMN-PT and PIN-PMN-PT are generally comparable to the limited data available 
in literature, but with discrepancies in a few parameters.  
 
The second stage of the work was the characterisation under externally-imposed 
environmental conditions of temperature, pressure and bias field. Given the 
uncertainties in the use of multiple samples, this work focused on the TE-mode samples 
only. For the first time, the IEEE standard method (1987) was applied to an 
investigation of this type with PMN-PT and PIN-PMN-PT. Broad conclusions were 
identified, as reported here in Section 3.3.3, including significant changes in key 
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material properties with temperature and pressure. The identification of TRT and TC has 
allowed direct comparison between the two materials, i.e. PMN-PT and PIN-PMN-PT, 
proving that the latter has the ability to withstand high temperatures. Additional work is 
now required to relate these to the underlying materials science. 
 
The significant changes in the behaviour of piezocrystals within the operational 
envelope required by various applications, including ultrasound assisted cutting and 
ultrasound actuation, and complicated behaviour under high drive conditions, questions 
the feasibility of these materials for high power applications. There are two reasons for 
a positive answer. First, the higher performance of the materials is now very well 
established and aligns particularly with high energy density systems (Atashev and 
Babitsky, 2007) and, second, the recent developments in terms of the ternary material as 
reported here offer very similar or better performance and show signs of better stability 
with temperature. Furthermore, the Mn-doped ternary material is in the limelight due to 
its high piezoelectric properties, increased TRT and TC, and extremely low losses 
compared to conventional piezoceramics. This new material, as reported in Chapter 6, 
has shown the potential to supersede the conventional piezoceramics in a range of 
applications, especially actuator application.  
 
The third and final stage of the work was to characterise the materials under high drive 
conditions. This work was carried out using the TE- and LTE- mode plates and 
demanded for a setup which is compatible with high drive conditions while being 
capable of measuring various parameters simultaneously. This led to the development 
of a measurement system with samples mounted in rudimentary transducer housings, 
with non-contact thermal and surface displacement measurements, and simple, bespoke 
circuitry to allow high amplitude AC excitation and DC electric field bias to be applied 
simultaneously. The significant temperature variations across a sample and rapid 
temperature changes contingent on the excitation at or near fe, as reported in Section 
3.3.4, particularly illustrate the complexity of measurement of piezocrystal properties 
directly under high drive conditions resembling those in practical operation. 
 
Considering the material characterisation work reported here, it is expected that the 
measurements systems outlined for measurements under elevated and high drive 
conditions and the corresponding results will contribute to material development, 
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conventional modelling (Krimholtz et al., 1970 and Powell et al., 1998) and virtual 
prototyping (Powell et al., 1997). Further work is required particularly to obtain full 
elasto-electric matrices under varying conditions such that the effects of self-induced or 
environmental conditions can be taken into considering during FEA stages to allow 
accurate analysis prior to the fabrication of high power ultrasound devices. For the 
experimental system reported here, this will require further automation with the 
incorporation of dynamic frequency and impedance tracking system to investigate the 
complex behaviour in a controlled environment such that the measurements can be 
made viable practically. 
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4 NEEDLE ACTUATING DEVICE 
The effectiveness of a percutaneous needle procedure is highly dependent on the 
accuracy of the needle insertion (Youk et al., 2007). Ultrasound (US) imaging has been 
shown to be a useful primary technique in carrying out a range of needle-based 
interventional procedures. However, the needle visualisation can still be difficult, 
especially when using thin needles at deep locations (Cheung and Rohling, 2004) and 
steep angles (Edgcombe and Hockin, 2010). In the last few decades, a great amount of 
research has been done in order to improve the visibility of standard needles, for which 
the details can be found in Chapter 2. One of these technologies was that of a vibrating 
needle. Field, Needleman and Goldberg (1997); Jones et al. (1997) and Armstrong et al. 
(2001) in separate studies have examined the importance of using ColorMark, an 
external clip-on device (EchoCath Inc, Princeton, NJ) with colour Doppler US imaging 
in interventional procedures. The results obtained were encouraging. However, the 
technology had a number of limitations, such as cumbersome design, poor efficiency at 
depths ≥ 3cm and long setup time. Thus, no evidence was found from comparative 
studies to support the efficacy of this method. 
In this chapter, an innovative approach, in the form of a device which is based on a 
piezoelectric ultrasound transducer is reported. The device is able to actuate standard 
interventional needles at lower ultrasound frequencies such that the needle visibility can 
be enhanced when observed under colour Doppler US imaging. Various configurations 
of piezoceramic (PZ26, Meggitt-Ferroperm, Kvistgaard, Denmark) and piezocrystal 
(PZN-PT, Microfine, Singapore) materials have been adopted to assess the dependency 
of device efficiency on piezoelectric materials and their configurations. To prove the 
concept and to assess the feasibility of the device, application-driven experimental work 
was carried out, as reported in Chapter 5. 
These transducer configurations have been designed and developed based on the finite 
element modelling (FEM) methods. This work is reported in Section 4.1 and 4.2. 
Materials and methods used for the fabrication of transducers are reported in Section 4.3 
and Section 4.4 presents the characterization work carried out to assess the performance 
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of each transducer configuration. Finally, Section 4.5 discusses the results followed by 
concluding remarks and suggestions for the future work.  
 
4.1 Design 
 
The structure of the proposed device is based on a conventional sandwich piezoelectric 
ultrasound transducer, detailed in Section 2.3. The design was carried out by 
considering the typical requirements of the end-users, in this case experienced 
anaesthetists and interventional radiologists. These requirements of the device were that 
it should be: 
 
1. Small and hand-held: The device should be light-weight and compact to allow 
ease of gripping and handling. 
 
2. Used with standard/unmodified needles: The device should be used with 
standard needles with length ≥ 90 mm and gauge size ≥ 20. 
 
3. Easy to use: The incorporation of standard needles into the device should be 
simple and straightforward while the users should be able to operate it easily and 
without having to go through intensive training.  
 
4. Cost effective: The device should offer economic benefit, through increased 
accuracy, over the existing techniques in reducing the overall cost of the 
treatment. 
 
4.1.1 Design Evolution 
 
Initially, modifications in the conventional transducer design were considered by 
adopting existing techniques for gripping needles or pins as shown by the CAD models 
in Figure 4.1. In a geometric compass mechanism (a), the needle is secured by 
tightening the set screw, positioned at the side of the front mass. A collet mechanism (b) 
forms a collar around the needle and exerts a strong clamping force when it is tightened, 
usually by means of a tapered outer collar. The collet oscillates between the front mass 
and the outer collar, resembling the free-mass mechanism in ultrasonic/sonic 
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drilling/coring (USDC), as reported by Bar-Cohen et al. (2001), adding further benefit 
by introducing hammering motion at the needle tip. Since conventional transducers are 
also available with threaded bore in the front mass for the tool attachment, another 
possibility is to use a threaded stud (c) to which the needle is silver soldered.   
 
 
Figure 4.1: Ideas for needle gripper - (a) compass (b) collet nut and (c) threaded stud 
 
All of these approaches required major modifications in both transducer and needle 
structures. These included drilling of a hollow channel through the centre of the 
transducer for needle passage, supplying provision for a set screw in approach (a) to 
grip the needle and modifying the needle in approach (c). The common challenge in all 
three ideas was the supply of anaesthetic drug from a syringe to the needle. This 
required further modification in the front mass through a provision for the tube which 
runs from the back of the transducer to the front mass inside the casing. The 
modifications, besides resulting in a complicated design with sterilization issues, were 
also expected to affect the performance of the transducer. Thus, based on the typical 
sandwich configuration of the Langevin transducer and collet mechanism (b), an 
innovative transducer structure with modified front mass, incorporating a collet, was 
designed to grip a range of standard needles with gauge size ≥ 20.  
 
4.1.2 Detailed Design Considerations 
 
Each component of a sandwich piezoelectric transducer, as labelled in Figure 2.9, holds 
its own significance towards the performance of the transducer. Thus, the development 
of a transducer requires careful consideration and design practice for each component to 
ensure optimum performance. 
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Piezoelectric material 
 
The performance of any ultrasound device is significantly based on the driving 
piezoelectric material.  Although various transducer configurations based on different 
piezoelectric materials are reported in this chapter, generally, in high power ultrasound 
transducers, a stack of piezoelectric rings is considered. The advantages of using a stack 
are more capacity for charge, higher capacitance and thus lower impedance which aids 
in better power transformation from the power source to the device. A stack is normally 
prepared with an even number of piezoceramic rings which are bonded together with 
some form of electrode sandwiched between them to allow for electrical connections. 
Stansfield (1991) has given a good account of the ways by which piezoelectric rings can 
be bonded together and electrodes can be incorporated along with the corresponding 
effects on the performance of the transducer. 
 
 
Figure 4.2: Geometrical diagram of a piezoelectric stack in thickness vibration 
 
The typical thickness of each ring in a stack is between 5 – 15 mm while lower values 
tend to be limited by the proximity of the electrodes which increases the danger of 
charge flash-over to neighbouring electrodes. Guney and Eskinat (2007) have shown in 
detail the effect of ring thickness and concluded that thicker elements reduce resonant 
frequency and minimise vibration amplitude of the transducer. The most suitable 
materials reported for sandwich piezoelectric transducers are PZT 4 (Desilets, Fraser 
and Kino, 1978; Yao and Bjorno, 1997 and Hawkins and Gough, 1996), PZT 8 (Silva, 
Franceschetti and Adamowsk, 2006) and PZT-5A (Wevers et al., 2005 and Wang et al., 
2010). 
 
Insulator 
 
It is usually desirable to insulate the stack electrically from earth, to reduce the danger 
of short circuit. In the case of a stack made of an odd number of piezoelectric rings, 
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insulators are normally included between the piezoelectric rings and the end masses. 
Moreover, a sleeve of insulating material, such as nylon, is also used to insulate the 
prestress bolt from the stack. 
 
Metal masses 
 
The primary effect of tail and head masses is to lower the device resonant frequency 
well below that of a stack of piezoelectric rings while increasing the mechanical quality 
factor, QM (Desilets, Fraser and Kino, 1978 and Wevers et al., 2005). Considering the 
application of the desired transducer, the choice of the head-to-tail mass ratio i.e. M1/M2 
is very important. It is quite common to use a balanced design in which the head and tail 
masses are equal i.e. M1 / M2 = 1. In this case the effective vibrating mass,   2, 
calculated using Eq. 2.3. 
 
It is sometimes advantageous to choose an unbalanced design with a much heavier tail 
mass i.e. M1/M2 < 1 as heavy masses shift the nodal plane of the device towards the 
heaviest side, making it easier for clamping. It is therefore practical to select a value of 
M1/M2 between 1 and 0.1, keeping in mind that in applications where low QM or high 
effective coupling coefficient, keff, is desired, a low effective mass is desirable 
(Stansfield, 1991).  
 
Traditionally, for actuator applications, the front mass to back mass ratio of 1:10 (by 
weight) is considered to allow most of the vibration at the front mass and position the 
nodal plane at the back mass. The selection of the suitable materials for front and back 
masses therefore becomes an important step in the design process. The material used for 
the head mass is normally selected such that it has an acoustic impedance between that 
of the piezoelectric material and the medium (air or water) while the tail section should 
have the highest acoustic impedance (Hawkins and Gough, 1996). The most commonly 
reported materials for the head mass are aluminium (Wevers et al., 2005; Sherman and 
Butler, 2007 and Silva, Franceschetti and Adamowsk, 2006), steel (Chilibon, 2002) 
and duralumin (Mančić and Radmanović, 2004) while steel (Wevers et al., 2005; 
Chilibon, 2002 and Sherman and Butler, 2007), aluminium (Silva, Franceschetti and 
Adamowsk, 2006) and duralumin (Mančić and Radmanović, 2004) have been reported 
for the back mass.  
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Prestress bolt 
 
The piezoelectric materials and thus the stack are known to be susceptible to failure in 
tension therefore the prestress bolt is conventionally used to avoid these being subject to 
any tensile stress during the positive phase of the alternating stress cycle i.e. the stack 
remains in compression mode at the transducer’s maximum vibration amplitude 
(Wevers et al., 2005). Besides compressing the stack, prestress raises the resonant 
frequency and reduces keff due to the reduction in the useful mechanical stored energy.  
 
According to Stansfield (1991), the force in a stack, Fc, is given by the product of the 
stiffness and extension while the force applied by the centre bolt, Fb, should be 
significantly greater than Fc to allow an adequate safety margin, typically by a factor of 
two. A typical value of the compressive prestress for PZT-8 piezoceramic is around 
30 MPa (Silva, Franceschetti and Adamowsk, 2006) which demands a prestress bolt 
strong enough to survive the required prestress.  The most suitable materials reported 
for the prestress bolt are stainless steel (Wevers et al., 2005), 4340 alloy steel (Silva, 
Franceschetti and Adamowsk, 2006) and beryllium copper (Stansfield, 1991). 
 
Housing 
 
The housing is an essential part of the transducer, though it rarely has an acoustic 
function. Depending on the application, a transducer can be mounted in any way a 
transducer designer wishes, however, it is necessary to clamp the transducer at the nodal 
plane to ensure that the front mass vibrates freely with the desired amplitude while the 
surrounding housing remains stationary. Thus, mounting of the transducer into its 
housing involves engineering judgement by the transducer designer.  
 
Minimising the overall weight of the transducer is often an important factor which can 
be tackled by using lighter metals or plastic housings, both of which have particular 
design problems and implications for the rest of the design. The common materials used 
to encapsulate sandwich piezoelectric transducers are aluminium and duralumin 
(Chilibon, 2002) due to their relatively light weight, low cost and ease of machining.  
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4.1.3 Needle Actuating Device 
 
Following the established design strategies as briefly discussed in Section 4.1.2, the 
dimensions of the masses were finalised by means of FEM where positioning of the 
nodal plane at the back mass and large displacement amplitude at the tip of the collet 
were the controlling factors.  Although the foundation of the design was based on PZ26 
rings, the theoretical analysis carried out for each separate configuration of transducer 
are detailed in Section 4.2.  
 
Figure 4.3 shows the main components of the transducer which include a steel back 
mass with a threaded extension i.e. a flange at the nodal plane for clamping (a), aircraft 
grade aluminium front mass featuring the collet (b), and an aluminium cap i.e. an outer 
collar which allows for gripping of the needle (c). The flange on the back mass was 
machined with holes to allow for wire and dowel passage into the transducer assembly. 
Moreover, in order to allow the needle passage through the centre of the transducer, an 
M3 stainless steel prestress stud (RS Components Ltd., Corby, UK) was machined with 
a 1 mm hole to allow passage for 20 - 22 gauge needles. In the initial work, a stainless 
steel stud was used but in the later work, considering the requirement of high strength 
material, brass was used due to its suitability for threaded inserts (Pasko, 2012). 
 
 
Figure 4.3: Transducer components - (a) back mass, (b) front mass and (c) cap (collet nut) 
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Since casing is essential for safety and handling of the medical devices, the outer shell 
and its relevant component, shown in Figure 4.4, were designed, keeping in view the 
ease of handling desired by the clinicians during the interventional procedures.  
 
 
Figure 4.4: Transducer casing - (a) shell and (b) cap 
    
The shell (a) was designed with internal threads to the rear allowing it to screw onto the 
flange on the back mass which possesses matching threads, thus covering the whole 
transducer assembly while leaving only a part of the front mass visible. The cap (b), 
while covering the back of the transducer, allows passage for a standard needle through 
the back mass, the piezoelectric stack via the prestressed stud and the front mass. For 
convenience, provision was made for a miniature coax connector (SMB Connector) (RS 
Components Ltd, Corby, UK) which connects to the transducer wires inside while 
providing a plug-in capability outside the casing. The exploded view of the complete 
device is shown in Figure 4.5. 
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Figure 4.5: 3D model (exploded view) of PZ26 rings based needle actuating device 
  
4.2 Finite Element Analysis 
 
Prior to fabrication, the transducers, based on various configurations of piezoelectric 
materials, were analysed theoretically using PZFlex (Weidlinger Associates Inc, USA, 
2.4-2011), an FEM-based virtual prototyping software package which has the ability to 
solve large, complex electromechanical models. The idea was to identify a 
configuration for the transducer which meets the requirements of an actuator to aid 
needle-based interventional procedures. These requirements were of the transducer 
which operates in the vicinity of lower ultrasound frequencies and possesses low 
electrical impedance (Ze ~ 50 Ω), adequate coupling coefficient (keff ~ 0.2-0.5) and high 
mechanical quality factor (QM ≥ 50), and generates large displacement amplitude at the 
tip of the needle (2 – 10 µm).   
 
4.2.1 PZ26 Ring Configuration (ND-R-PZT) 
 
The piezoelectric materials which are most often used in high power sandwich 
piezoelectric ultrasound transducers are Navy types I and III piezoelectric ceramic 
materials (Stansfield, 1991), implemented here as PZ26 and PZ28 (Meggitt-Ferroperm, 
Kvistgaard, Denmark). These materials are usually incorporated in the form of rings, a 
configuration which is strong, reliable and works efficiently under the necessary 
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prestress conditions required for typical sandwich piezoelectric transducers. The first 
prototype of the device was therefore developed based on the ring configuration of 
PZ26 material, referred to as ND-R-PZT in the text. Another reason for using 
piezoceramics was that these materials are well established in terms of material 
properties and therefore allow accurate prediction of transducer behaviour using FEM.  
 
Figure 4.6 shows a 2D axisymmetric model of ND-R-PZT along with the corresponding 
mode shapes at its resonant frequency, 52 kHz, showing only longitudinal motion. Each 
component of the transducer was assigned a distinct colour for ease of visualization. 
Although labelled differently as fpz26 and fpz26a, both piezoelectric rings share the 
same dimensions (OD = 15 mm and ID = 5 mm) and properties but with opposite poling 
directions. The model ignores the insulating material, used in the fabricated prototype, 
to insulate the prestress bolt from the stack while due to the small thickness, brass shim 
electrodes were also ignored. Although transducer performance tends to drift slightly as 
the ceramic warms up during operation at high operating voltages (Wu, 2005 and Yao et 
al., 2000) as also observed in Chapter 3, temperature effects were ignored because the 
analyses are based on small drive signals. Moreover, the pre-compression of the stack 
which is necessary to avoid depolarization and cracking of the piezoelectric materials 
during transducer operation was also ignored as, according to Hawkins and Gough 
(1996), prestress has only a small effect in the theoretical analysis. 
 
 
Figure 4.6: 2D Axisymmetric ND-R-PZT transducer (a) model and (b) mode shapes at opposite 
phases when driven at 52 kHz 
 
The dimensions of the components were optimised considering the tolerances required 
for the machining of the front mass, the large displacement desired at the tip of the 
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collet and the requirement for a nodal plane to be positioned at the back mass. Table 4.1 
lists the performance measurement parameters including the normalised displacement at 
the tip of the collet obtained for this ring configuration (ND-R-PZT) transducer model 
with varying ring thicknesses. It was observed that, with an increase in the thickness of 
the rings, the frequency decreases while the impedance increases, as expected.  
 
Normally for high power and actuator applications, both low frequency and low 
impedance transducers are desirable therefore a stack of rings is used (Stansfield, 1991). 
It has been observed that keff increases with thickness while QM, being inversely 
proportional to keff, decreases. Thus, there exists a trade-off between the two parameters 
that should be taken into account prior to the fabrication of a transducer. As far as the 
displacement amplitude is concerned, it has been observed that ring thickness is 
inversely proportional to the displacement amplitude. Thick rings allow application of 
high drive voltages which, coupled with a transducer’s high keff, are ideal for SONAR 
applications. However, for applications such as actuators, a stack of thin rings is 
desirable due to the large displacement amplitude and high QM associated with it.  
 
Table 4.1: Performance measurement parameters for variants of ND-R-PZT 
 
 
The ND-R-PZT reported in Section 4.3 was fabricated based on 5 mm thick rings, 
selected mainly due to the requirement of low operating frequency and high driving 
voltage to achieve the desired results i.e. enhanced needle visibility. However, the 
results obtained from large signal characterization, reported in Section 4.4, and the 
experimental work, reported in Chapter 5, show that enhanced needle visibility can be 
obtained with small driving voltages. This indicates that a stack of rings each with 
thickness 2 – 3 mm can be more effective for the needle actuation application, besides 
giving a range of other benefits including lower impedance, larger displacement 
amplitude, higher QM and satisfactory keff. 
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4.2.2 PZ26 Plate Configuration (ND-P-PZT) 
 
An important aim of the present work was to fabricate a needle actuating device using 
the new piezocrystal materials because these materials based on their extraordinary 
properties can lead to smaller and lighter devices with higher actuation displacement. 
Since these materials are fragile, the machining cost to produce piezocrystal rings is 
high, an alternative approach was sought to incorporate piezocrystals into the needle 
actuating device. Although piezocrystals are generally more expensive than the 
piezoceramics, a plate of piezocrystal material is the least expensive geometry which 
can be obtained from the piezocrystal suppliers. The length thickness extensional 
(LTE), d31, mode plates of piezocrystal materials possess very high strain coefficient i.e. 
d31~1400 pC/N (Peng et al., 2005) as opposed to d31~100 pC/N and d33~250 pC/N of 
piezoceramic plate and rings respectively (Stansfield, 1991). To assess the feasibility of 
incorporating d31-mode plates into the transducer assembly, simulations were carried 
out and prototypes were developed using d31 plates of  PZ26 with dimensions 10 x 3 x 1 
(mm3). These are referred to as ND-P-PZT transducers in the text. Initially, three 
configurations were considered for which the top cross-section views can be seen in 
Figure 4.7.  
 
 
Figure 4.7: Top (cross-section) view of three possible ND-P-PZT configurations 
 
Configuration 1 was the simplest option, where four d31 plates are positioned 
symmetrically to form a balanced structure. Configuration 2 was an improvement to 
Configuration 1 with an additional four plates. According to Stansfield (1991), 
increasing the number of elements in transducer assembly reduces the impedance of the 
device while providing larger displacement amplitude. In this case, increasing the 
number of elements also increases the strength of the overall structure. This 
consequently reduces the risk of cracking during application of prestress through 
uniform stress distribution among the individual elements leading to a robust structure. 
Another improvement was Configuration 3 which also offers high strength as in this 
NEEDLE ACTUATING DEVICE 
Muhammad Rohaan Sadiq Page 93 
 
case the transducer assembly is based on four thick pillars where each pillar comprises 
two d31 plates. However, practical achievement of this configuration was difficult with 
available fabrication facilities as the two plates bonded together have to be very well 
aligned to offer any advantage. Thus, in the work reported here only Configurations 1 
and 2 were considered. Figure 4.8 and 4.9 show the 3D models for these configurations, 
along with the mode shapes at their respective resonant frequencies. Although labelled 
differently, all piezoelectric plates share the same dimensions (10 x 3 x 1 mm3) and 
properties but with distinct poling directions. 
 
 
Figure 4.8: ND-P-PZT Configuration 1 transducer (a) model and (b) mode shapes at opposite 
phases when driven at 40.8 kHz 
 
Modelling Configuration 2 was challenging with PZ-Flex since, in this case, the plates 
were required to be placed at non-orthogonal angles, consequently requiring angular 
poling directions. Thus, the transducer was modelled with plates at 45˚, 135˚, 225˚ and 
315˚ angles respectively, as well as at the original angles. Moreover, due to the 
involvement of angled plates, a very fine mesh was required to adequately define the 
model. The Tufnol washers, shown in Figure 4.17, used in the prototype to hold the 
plates together and support the transducer assembly were ignored in the model. 
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Figure 4.9: ND-P-PZT Configuration 2 transducer (a) model and (b) mode shapes at opposite 
phases when driven at 48.1 kHz 
 
The specification of electrodes in the model for Configuration 1 was reasonably 
straightforward. However, to specify the electrodes in Configuration 2, a special 
interface method was required. Thus, a 1 mm thick layer of air was formed on either 
side of the angled plates such that the interface between air and piezoelectric material 
can be defined as an electrode. Although labelled differently, all layers of air share the 
same dimensions (10 x 3 x 1 mm3) and properties but with distinct angular orientations. 
Figure 4.10 shows the isometric cross-section view of Configuration 2 and the 
respective electrodes along with the poling arrows.  
 
 
Figure 4.10: Figure 4.10: ND-P-PZT Configuration 2 transducer - (a) cross-section of transducer 
showing air layers on either sides of the angled plates and (b) positive (Top) and ground (Bot) 
electrodes along with the poling directions 
 
Table 4.2 lists the performance measurement parameters obtained through simulations 
for both configurations. As expected due to the larger number of elements, 
Configuration 2 resulted in larger axial displacement and lower impedance as compared 
to Configuration 1. keff for Configuration 2 was slightly lower while QM was found to be 
higher than Configuration 1. To assess their feasibility, both configurations were 
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fabricated and characterized experimentally. This work is detailed in Sections 4.3.2 and 
4.4.2 respectively. 
 
Table 4.2: Performance measuring parameters for variants of ND-P-PZT 
 
 
4.2.3 PMN-PT Bar Configuration (ND-B-PMN) 
 
During the fabrication process of ND-P-PZT, several plates were damaged and 
subsequently required replacement. Thus, considering the more fragile nature of 
piezocrystals and their high cost, it was decided to utilize piezocrystal bars instead. 
These are more expensive than d31 plates but, due to the simple geometry, are cheaper 
than rings. The bar configuration, referred to as ND-B-PMN in the text, operates in the 
d33 mode, the same as a stack of rings, but offers additional benefits.  According to Peng 
et al., (2005), k33 of PMN-PT is 0.92 which is higher than k31 = 0.89 and k33 = 0.46 of 
PMN-PT and PZ26 respectively. The d33 coefficient of PMN-PT is 2000 pC/N which is 
significantly higher than d31 ~ 1400 pC/N of PMN-PT and d33 ~ 250 pC/N of PZ26.  
 
Using the properties of PMN-PT reported in Chapter 3 supplemented with the 
properties reported by Luo et al., (2008), simulations for ND-B-PMN were carried out.  
Bars with dimensions 4 x 4 x 12 (mm3) were available from the material 
characterization work reported in Chapter 3. Following the protocol used for other 
configurations, simulations were carried out by keeping the same area i.e. 4 x 4 (mm2) 
to determine the optimum dimensions for the bars. Figure 4.11 shows the 3D model of 
ND-B-PMN along with the mode shapes at its resonant frequency.  
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Figure 4.11: ND-B-PMN transducer (a) model and (b) mode shapes at opposite phases when driven 
at 73.4 kHz 
 
Table 4.3 lists the performance measurement parameters obtained from transducer 
models based on different lengths of bars. It was observed that due to the high coupling 
coefficient associated with bars, the transducer’s effective coupling coefficient, keff, is 
generally high, consequently reducing the mechanical quality factor, QM. The 
simulations approximately followed the same trend as observed for piezoceramic rings 
and plates whereby the effect of thickness on the performance is clearly evident. Despite 
the good simulation results obtained using bars with dimensions 4 x 4 x 4 (mm3), the 
PMN-PT piezocrystal transducer was not fabricated as the dicing facility available 
could only dice ≤3 mm thick crystals.  
 
Table 4.3: Performance measurement parameters for variants of ND-B-PMN 
 
 
4.2.4 PZN-PT Pseudo Ring Configuration (ND-P-PZN) 
 
Although discussed only briefly in this thesis, PZN-PT is a type of piezocrystal material 
which competes with PMN-PT in the market. Both materials have extremely attractive 
application potential for transducers and actuators. Generally PZN-PT holds an edge 
over PMN-PT with comparatively higher k33, QM and Tc as noted in Table 2.6. However, 
since it is difficult to grow high quality PZN-PT piezocrystals because of the 
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coexistence of pervoskite and pyrochlore phases with incongruent melting 
characteristics and multiple components of the melt, there is only one supplier as 
compared to the several suppliers of PMN-PT piezocrystals (Karas, 2005). Microfine 
Materials Technologies PTE Ltd., Singapore has developed a configuration of PZN-PT 
bars arranged in the form of a ring, named as pseudoring. As can be seen from Figure 
4.12, a typical pseudoring comprises six PZN-PT d31 configuration bars sandwiched 
between two aluminium washers to form a ring structure. 
 
 
Figure 4.12: Microfine pseudoring (In a formal quotation 7th October 2011, Microfine, Singapore) 
 
Using the properties of PZN-PT reported by Jiang et al., (2003), a transducer based on a 
PZN-PT pseudoring, referred to as ND-P-PZN in the text, was simulated. The 3D model 
of this transducer is shown in Figure 4.13 along with the mode shape at its resonant 
frequency. Although labelled differently, all piezoelectric bars share the same 
dimensions (7.2 x 2.5 x 2.8 mm3) and properties but with distinct poling directions. The 
specification of electrodes in this case was carried out using the interface method, 
adopted for the ND-P-PZT in Section 4.2.2, whereby various layers of air with same 
properties and distinct orientations were modelled adjacent to the angular PZN-PT bars. 
 
 
Figure 4.13: ND-P-PZN transducer (a) model and (b) mode shapes at opposite phases when driven 
at 38.3 kHz 
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Table 4.4 shows the performance measurement parameters obtained for ND-P-PZN. 
Although direct comparison between PMN-PT and PZN-PT is not possible due to the 
differences in the respective operating modes, as expected, the resultant keff is higher 
while Qm is smaller than that observed for the PZ26 plate configuration (ND-P-PZT).  
 
Table 4.4: Performance measurement parameters for ND-P-PZN 
 
 
Table 4.5 summarises the performance measurement parameters obtained for the 
transducer configurations selected for fabrication. Generally, all configurations meet the 
requirements of the desired resonator. However, considering keff and QM only, ND-R-
PZT is the most suitable configuration as it possesses the properties of ND-P-PZT in 
terms of QM and ND-B-PMN and ND-P-PZT in term of keff. As far as the displacement 
amplitude at the tip of the collet is concerned, the configurations with large number of 
piezoelectric elements show large displacements. However, ND-P-PZN due to the large 
d33 coefficient associated with PZN-PT piezocrystal results in the largest displacement 
amplitude. 
 
Table 4.5: Performance measurement parameters for selected transducer configurations 
 
4.3 Fabrication 
 
Generally, the assembly process for all transducer configurations reported here was 
same, while the only difference was in the incorporation of various configurations of 
piezoelectric materials in the transducer assembly.  
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4.3.1 PZ26 Ring Configuration (ND-R-PZT) 
 
The fabrication process for ND-R-PZT was straightforward, as shown in Figure 4.14. 
Firstly, the front mass was screwed onto the threaded stud, a section of which was 
insulated from the piezoelectric rings using heat shrink tube (a). This is to avoid charge 
flash over between the piezoelectric rings and the stud which serves as a ground 
connection here. The PZ26 rings were then slid down the stud to rest on the front mass 
(b).  
 
 
Figure 4.14: ND-R-PZT fabrication stages 
 
Brass shims were also placed between the rings to allow for electrical connections. The 
back mass was then slid down the stud such that the rings were sandwiched between the 
front and back masses (c).  Lead wires were then soldered to the brass shims to allow 
for electrical connection (d). Finally, the prestress was applied by torqueing a nut on the 
stud using a standard torque wrench. During prestress, an impedance analyser 
(HP4194A, Agilent Technologies, South Queensferry, UK) was connected to the 
transducer at all times to monitor the changes in resonant frequency and corresponding 
impedance of the transducer.  
 
4.3.2 PZ26 Plate Configuration (ND-P-PZT) 
 
In the case of ND-P-PZT, the challenging task was to establish a methodology for 
incorporating the d31 plates in the transducer assembly such that PMN-PT plates could 
also be incorporated in the same way. First of all, the d31 plates with dimensions 10 x 3 
x 1 (mm3) were obtained by dicing a 20 x 20 x 1 (mm3) TE- mode plate using a 
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precision dicing saw (Model 66 Dicing Saw, Loadpoint, Swindon, UK). Using the same 
dicing saw, 0.5 mm of electrodes were scratched away from the top and bottom of both 
sides of the plates to avoid any instance of short circuit during high drive conditions. 
24-gauge copper wires were then soldered directly onto the electrodes at the centre i.e. 
the nodal plane of the plates on both sides as it was learnt that soldering the wires off 
the nodal plane results in high electrical impedance which leads to significant damping. 
The finished plates along with their corresponding, consistent impedance curves are 
shown in Figure 4.15.  
 
 
Figure 4.15: PZ26 d31 plates - (a) wires soldered and (b) impedance plots 
 
Since the thickness of the plates was much smaller than the length, the transducer 
assembly demanded an accurate arrangement of the plates such that any chipping and 
cracking during application of prestress can be avoided. Thus, it was decided to arrange 
the plates in the form of a ring. Various methods were trialled to ensure alignment of the 
plates.  Figure 4.16 shows the two methods adopted whereby the plates were first placed 
inside a plastic shell and arranged symmetrically with the help of double sided tape (a). 
The shell was then filled with micro-balloon filled epoxy (b) and standard foam filler (c) 
to secure the positions of the plates.  
 
The micro-balloon filled epoxy was prepared by first preparing the conventional epoxy 
using resin and hardener (Epoxy Technology Inc., MA, USA) with mixing ratio 25:3 
(by weight) followed by the addition of 1 g microballoon powder (Easy Composites 
Ltd., Staffordshire, UK).  
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Figure 4.16: PZ26 plate based ring fabrication - (a) plastic shell with plates positioned 
symmetrically (b) filled with microballoon filled epoxy and (c) filled with foam filler 
 
Both rings were found to have extremely low QM  ~ 20 and high electrical impedance, 
Ze ~ 60Ω  because of damping by the filling materials. These properties were obviously 
contrary to the requirements of the desired high QM and low electrical impedance 
device. Thus, a new approach was adopted whereby two identical Tufnol washers were 
machined with slots to hold the tops and bottoms of the d31 plates. Once the plates were 
positioned inside the slots, superglue (RS Components Ltd., Northants, UK) was 
applied to the edges between the piezoelectric plates and Tufnol washer to secure the 
plates. Figure 4.17 shows the plate structure for Configurations 1 and 2 i.e. the 4-plate 
and 8-plate configurations. 
 
 
Figure 4.17: PZ26 plates based ring (a) configuration 1 and (b) configuration 2 
 
The fabrication process, similar to ND-R-PZT, is shown in Figure 4.18. The Tufnol 
washers in Figure 4.18 (a) were machined with a hole to allow for a dowel passage such 
that the position of the plate-based ring can be secured with respect to the front mass for 
ease in application of prestress.  
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Figure 4.18: ND-P-PZT fabrication stages - (a) ring locked in with reference to the front mass (b) 
wires passage through back mass and (c) fabricated transducer 
 
4.3.3 PZN-PT Pseudo Ring Configuration (ND-P-PZN) 
 
The pseudo rings obtained from Microfine Material Technologies Ltd., had no electrical 
connections. Thus, before the incorporation of the pseudoring into the transducer 
assembly, two thin conductive strips were low temperature soldered on the outer and 
inner sides of the ring such that all the bars in the ring share common positive and 
ground electrodes1. Figure 4.19 shows the transducer incorporating the pseudo ring with 
conductive strips for electrical connections. 
 
 
Figure 4.19: Fabricated ND-P-PZN 
 
4.3.4 Complete Device 
 
Following the fabrication process, each transducer was encased into an aluminium shell 
which covered the whole transducer leaving only a part of the front mass visible. The 
uncovered part of the front mass comprises a key hole which aids in tightening the 
collet nut to grip the needle. The lead wires from the stack of piezomaterial were then 
soldered to the SMB connector which allowed the plug-in option for a conventional 
                                                 
1 The author acknowledges Thales UK for preparing the electrical connections.  
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BNC cable outside the shell. The completed device with needle attached and the 
electrical connections are shown in Figure 4.20. 
 
 
Figure 4.20: Complete needle actuating device 
 
4.4 Characterization 
 
As discussed in Section 2.3, the testing of a transducer is vital for the assessment of 
transducer’s feasibility for its desired application. In the case of the transducers reported 
here, complete characterization was carried out using small and large signal 
characterization techniques such that the performance measurement parameters and 
efficiency of these devices could be determined. 
 
4.4.1 Small Signal Characterization 
 
The small signal characterization was carried out in two stages: 
 
Transducers without Needles 
 
An electrical impedance analyser (HP4194A, Agilent Technologies, South Queensferry, 
UK) was used to obtain the impedance/admittance curves such that the performance 
measurement parameters can be determined and the feasibility of theoretical analysis 
can be assessed. Figure 4.21 shows experimental vs theoretical impedance magnitude 
and phase plots obtained for ND-R-PZT. Both analyses were found to be in good 
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agreement with percentage difference being approximately 8% and 12% for frequency 
and electrical impedance respectively. The large difference in the impedance and the 
non-uniformity at the mechanical resonant frequency (fm) is mainly due to the applied 
prestress. Considering the thin walled stud (1 mm wall thickness) which was susceptible 
to buckling under torsion, small prestress was applied. It is believed that larger prestress 
can help in reducing the electrical impedance and eliminating the non-uniformity at fm 
completely. The variation between the two sets of data can also be attributed to the 
material properties and assumptions discussed in Section 4.2. 
 
 
Figure 4.21: Comparison between theoretical and experimental impedance data obtained for ND-
R-PZT - (a) impedance magnitude and (b) impedance phase plots 
 
The comparison between experimental and theoretical impedance data obtained for ND-
P-PZT is shown in Figure 4.22. The theoretical analysis did not correspond with the 
experimental analysis as the difference in electrical resonant frequency between the two 
sets of data was found to be approximately 12%, larger than that observed for ND-R-
PZT at approximately 8%. The impedance magnitude at the electrical resonant 
frequency is also significantly higher than that observed theoretically. These variations 
can be attributed to the fabrication method adopted for this particular configuration of 
transducer i.e. use of Tufnol washers. The washers were ignored in FE model because in 
reality the d31 plates were push fitted into Tufnol washers and to adequately simulate the 
coupling between the washers and plates, large number of elements and special 
boundary condition would be required, resulting in long simulation time. 
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Figure 4.22: Comparison between theoretical and experimental impedance data obtained for ND-P-
PZT Configuration 1 - (a) impedance magnitude and (b) impedance phase plots 
 
Figure 4.23 shows the impedance plots obtained for ND-P-PZN transducer. Likewise, 
other transducer configurations, the theoretical analysis for this configuration was also 
carried out based on certain assumptions, hence no unexpected discrepancy was 
observed. The high impedance observed in the experimental data can also be associated 
with the small applied prestress. Considering the fragile nature of the piezocrystals, its 
extremely high cost i.e. approx. £1,500 per unit, and the lack of data regarding suitable 
prestress values for PZN-PT crystals, the applied prestress was smaller than that applied 
to ND-R-PZN. As reported by Li (2009) and also observed in the work reported here, 
prestress is inversely proportional to the electrical impedance of the transducer i.e. 
increase in prestress reduces the impedance. 
 
 
Figure 4.23: Comparison between theoretical and experimental impedance data obtained for ND-P-
PZN - (a) impedance magnitude and (b) impedance phase plots 
 
Table 4.6 lists and compares the performance measurement parameters determined 
through theoretical and experimental measurements for each transducer configuration. 
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The plate configurations result in significantly lower frequency than that achieved with 
the ring configuration but at the expense of low keff and QM. The large electrical 
impedance observed for Configuration 1 was due to the Tufnol washers which clamped 
the plates from the edges instead of the centre i.e. nodal plane. The impedance was 
however found to reduce significantly with the addition of more plates i.e. 
Configuration 2.  The use of PZN-PT as expected reduced the resonant frequency due to 
the high compliance associated with piezocrystals. keff for the piezocrystal based 
transducer was the highest while QM was the lowest among all the fabricated 
transducers. Moreover, the low frequency capacitance, CLF, and dielectric loss, tanδ, for 
all the transducers lie within the limits of an ideal transducer, as reported by Stansfield 
(1991).   
 
The overall comparison between the fabricated transducers as shown in Table 4.6 
suggests that ND-R-PZT with high QM and reasonable keff is better than the rest of the 
configurations. The consistency of ring configuration under high drive signals was also 
proven as reported in Section 4.4.2. 
 
Table 4.6: Comparison between theoretical and experimental performance measurement 
parameters for fabricated configurations considering the transducer resonance 
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Transducers with Needles 
 
Since the transducers were fabricated to be used with standard needles, as expected and 
as shown in Figure 4.24(a), attachment of needles to these transducers generated 
additional resonances towards the lower end of the ultrasound frequency range. These 
frequencies were found to be the driving frequencies of the complete devices. This 
situation can only be avoided by optimising either the length of the needle to suit the 
transducer’s resonant frequency or by optimising the length of the transducer to suit the 
needle’s resonant frequency. If the first option is adopted then the advantage of utilising 
the standard needle will be lost and if the second option is considered then the 
transducer has to be optimized to a bigger size unless the use of piezocrystals is 
considered which, due to their high compliance, will allow a small transducer with a 
low resonant frequency to match the resonant frequency of the needle.  
 
 
Table 4.7: Performance measurement parameters for fabricated configurations considering the 
needle resonance 
 
 
Table 4.7 lists the performance measurement parameters determined at the new resonant 
frequencies, generated due to the attachment of needle, considering all four transducers. 
The high electrical impedance at this new resonant frequency results in degradation of 
the transducer’s impedance matching with respect to the power delivery system. Thus, a 
simple impedance matching circuit, based on a thick iron toroid core (RS Components 
Ltd., Northants, UK) was developed to reduce the effective impedance of the 
transducers to around 50 Ω. Figure 4.24(b) compares the impedance plot of the ND-R-
PZT transducer after impedance matching with its previous values. The numbers of 
turns for the primary and secondary coils were calculated using the following relation: 
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where, 
 Np and Ns = No. of turns in primary and secondary coils 
 Zp and Zs = Impedance at the primary and secondary coils 
 
The result was the use of approximately 1:8 turns ratio. 
 
 
Figure 4.24: Impedance plots obtained for ND-R-PZT with needle attached - (a) before and (b) 
after impedance matching 
 
4.4.2 Large Signal Characterization 
 
To analyse the performance of the transducers under high drive conditions, large signal 
characterization was carried out. Figure 4.25 shows the block diagram of the 
experimental setup whereby the transducers were driven with increasing voltages at 
their respective resonant frequencies. In each case, the transducer was driven with a 
needle incorporated. The vibration amplitudes at the face of the transducers and needle 
tip were measured with a laser vibrometer (OFV2570 / OFV534, Polytec Ltd, London, 
UK) from which the data was acquired using a PXIe System (National Instruments, 
Newbury, UK). The effects of self-heating during continuous operation were also 
observed through temperature measurements with a thermal imaging camera (TIM 160, 
Micro-Epsilon, Cheshire, UK). 
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Figure 4.25: Experimental setup for large signal characterization 
 
Initially, ND-R-PZT was driven at 56.85 kHz, its resonant frequency. Figure 4.26 
compares the displacement amplitude recorded at the tip of the collet and the base of the 
front mass. As expected, a larger displacement was recorded at the tip of the collet 
which confirmed the design of the transducer. 
 
 
Figure 4.26: Displacement vs drive voltage plot obtained for ND-R-PZT at 56.85 kHz 
 
Figure 4.27 compares the displacement amplitude as a function of driving voltage, 
recorded at the tip of the needle for all transducer configurations, when driven at their 
respective resonant frequencies i.e. 21.60 kHz, 19.56 kHz, 16.73 kHz and 18.11 kHz for 
the ND-R-PZT, ND-P-PZT (Config. 1), ND-P-PZT (Config. 2) and ND-P-PZN 
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respectively. Generally, all transducer configurations lead to large displacement 
amplitude ≥ 6µm at the tip of the needle at these low frequencies. However, the effect of 
the large number of piezoelectric elements is evident as the plate configurations, 
especially ND-P-PZT (Config. 2) resulted in the largest displacement amplitude at the 
tip of the needle.  
 
 
Figure 4.27: Displacement at the tip of the needle as a function of drive voltage obtained for all 
transducer configurations at corresponding resonant frequencies 
 
The results shown in Figure 4.27 were obtained with the impedance matching circuit, 
described in Section 4.4.1, as it was observed that without adequate impedance 
matching, large voltages were required to achieve the desired response. Figure 4.28 
shows the effect of impedance matching on the performance of ND-P-PZT (Config. 1) 
by means of a displacement plot. 
 
 
Figure 4.28: Displacement at the tip of the needle as a function of drive voltage obtained without 
and with an impedance matching circuit 
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Since standard unmodified needles were used which could not be tuned to match the 
resonant frequencies of the transducers, bending mode analysis was carried out by 
taking point by point measurements along the length of the needle i.e. from the end of 
the collet to the tip of the needle where each point was 1 mm apart. Four sets of data 
collected from four different lines on the surface of the needle are shown in Figure 4.29 
when ND-P-PZT (Config. 2) was actuated with a 25 Vp-p signal at its resonant 
frequency, 16.73 kHz. As expected, besides the desired longitudinal mode, a bending 
mode was observed along the length of the needle. The magnitude of the lateral 
displacement was generally small but showed a sharp increase towards the tip of the 
needle. Nevertheless, the magnitude of the longitudinal motion, measured at the same 
drive voltage, was approximately 15 times larger than the bending motion. 
 
 
Figure 4.29: Lateral displacement measured along the length of the needle by actuating ND-P-PZT 
(Config. 2) transducer with 25Vp-p signal at 16.73 kHz 
 
The self-heating analysis showed large amounts of heating in the piezoelectric material 
section of the transducers. Although insufficient to depole the piezoelectric materials, 
the heat generated resulted in frequency softening effects whereby, with increase in 
temperature, the resonant frequency of the transducer shifts downwards. It was observed 
that this frequency shift, although very small, has a significant effect on the 
performance of the devices. A small increase in impedance was also observed with 
increase in temperature.  
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Figure 4.30 shows the temperature profile as a function of drive voltage for each 
component of ND-P-PZT (Config. 1). Although, it was expected that the heating in this 
configuration would be smaller due to the spacing between the piezoelectric elements 
within the piezoelectric section, the heating was found to be significantly higher. This 
can be attributed to the high electrical impedance contingent on the Tufnol washers as 
discussed in Section 4.4.1. 
 
 
Figure 4.30: Temperature vs voltage plot obtained for ND-P-PZT (Configuration 1) when driven at 
33.05 kHz 
 
Figure 4.31 shows the thermal images of all fabricated configurations when driven with 
large drive voltages at the corresponding resonant frequencies. ND-R-PZT (a) showed 
the least heating while heating in ND-P-PZN (d) was also small.  
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Figure 4.31: Thermal images of fabricated configurations - (a) ND-R-PZT at 30Vp-p, (b) ND-P-PZT 
(Config. 1) at 30Vp-p, (c) ND-P-PZT (Config. 2) at 35Vp-p, and (d) ND-P-PZN at 30Vp-p 
 
It was interesting to note that the heat generated in ND-P-PZT (Config. 1) (b) was 
mainly concentrated on the Tufnol washers whereas in ND-P-PZT (Config. 2) (c), the 
heating was significantly reduced due to the addition of more plates.  
 
Slight heating in the needle was also observed when ND-P-PZT (Config. 2) transducer 
was driven with a 50 Vp-p at the resonant frequency of the complete device i.e. 16.73 
kHz. However, on switching off the transducer, the needle cools down rapidly. Figure 
4.32 shows the thermal image of the needle when it is in motion (a) and moment after 
the ultrasound is switched off (b). As soon as the transducer was switched off, an 
approximately 12% reduction in temperature was observed as it drops from 33°C to 
29°C.  
 
Although the observed temperature rise in the needle does not reflect the case when the 
needle is inserted into tissue, it is believed that temperature rise in the needle and self-
heating in the transducer can be controlled if the device is operated using burst mode 
signals i.e. by operating the device in gated continuous mode.  
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Figure 4.32: Thermal images obtained for ND-P-PZT with needle attached when ultrasound (a) 
switched on and (b) switched off 
 
Further work is required, with the addition of an automated system, such as a frequency 
tracking system, to investigate the complex behaviour of the transducers in a much 
more controlled environment. 
 
4.5 Discussion and Conclusion 
 
Various needle actuating devices based on different transducer configurations and 
driving piezoelectric materials were developed on the basis of thorough FEM. The 
results obtained from theoretical analyses were generally found to be in reasonable 
agreement with the data obtained through experimental characterization. The 
discrepancies observed between the two sets of data are attributed to the ideal 
transducer assumptions in FEM, the lack of material properties especially for PZN-PT, 
and the practical transducer fabrication methods. 
 
As far as the performance of the devices is concerned, generally, all fabricated 
configurations lead to large vibration amplitudes, > 6µm at the tip of the needle. The 
effects of transducer configuration and piezoelectric material on the performance of the 
transducer were clearly observed through the results reported in Sections 4.4.1 and 4.4.2 
which compare the performance measurement parameters and change in behaviour as a 
function of drive voltage for all the devices.  
 
Table 4.8 summarises the key performance measurement parameters for the fabricated 
transducers. Although it leads to a large bandwidth device with comparatively large 
displacement amplitude, the piezocrystal (PZN-PT) pseudo ring based transducer, ND-
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P-PZN, is not ideal due to its low QM consequently, leading to self-heating when driven 
with high drive voltage. The piezoceramic (PZ26) plate based transducer, ND-P-PZT 
Config. 2, although possesses QM higher than ND-P-PZN, it is also susceptible to high 
drive conditions, as the frequency softening effect due to the increased temperature in 
the transducer directly affects the performance of the device. The piezoceramic (PZ26) 
ring based transducer (ND-R-PZT) is, however, the most suitable configuration for the 
desired application as in this case, both keff and QM are within the limits of the ideal 
resonator. The displacement amplitude at the tip of the needle is comparatively small 
but the transducer is more consistent with increasing voltage and consequently the 
effects of self-heating are minimal. This also minimises the risks of failures of ancillary 
components at high temperatures which can eventually lead to mechanical failures in 
transducers.  
 
Table 4.8: Summary of key performance measuring parameters obtained for fabricated 
configurations 
 
 
Using ND-R-PZT, experimental studies were conducted on a range of specimens. This 
work is reported in Chapter 5 and proves the feasibility of needle actuating device for a 
range of percutaneous needle procedures. Since the needle actuating device has the 
potential to become an essential part of a surgeon’s tool kit, complete cost analysis have 
been carried out based on ND-R-PZT, for which the details can be found in Appendix 
D. At the present stage, the cost of a single unit, using the facilities provided by the 
University of Dundee is estimated to be around £ 300. However, it is believed that 
following the completion of the future work, discussed below, and by producing large 
batch sizes, the cost per unit can be reduced significantly. 
  
Further work is required to improve the design and performance of the device. For 
adoption in the operating room, the needle actuating device will be developed with 
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medically compatible materials while there is a need to establish a protocol to resolve 
sterilisation issues. This can be achieved by first making the device disposable through 
the use of existing medical compatible materials. Since the device comprises electronic 
components and piezoelectric materials which are sensitive to high temperatures, ETO 
(Ethylene Oxide) sterilization technique can be considered. Improvements in the design 
with the addition of a rotation motion are desirable to make the needle penetration into 
tissue easier (Veen et al., 2012) and reduce targeting errors (Badaan et al., 2011). This 
can be achieved based on the principle of traveling waves through the use of thin film 
piezoelectric material (Pressly and Mentesana, 1994). Furthermore, the performance 
may be improved further by using current state-of-the-art single crystal materials, such 
as Mn:PIN-PMN-PT, which, besides offering high and stable piezoelectric properties, 
will also aid in reducing the piezoelectric stack length consequently reducing the size of 
the device by approximately 30% as observed for PMN-PT piezocrystal by Rehrig et 
al.,(2002).
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5 EXPERIMENTAL ANALYSES 
A novel device to assist the percutaneous needle procedures, including cancer biopsy 
and regional anaesthesia was reported in Chapter 4. Applied observational studies are 
needed to prove the design concept and to measure the benefits of the device. The 
experimental work carried out to assess the feasibility of the needle actuating device in 
improving the visibility of standard medical needles for a range of needle-based 
interventional procedures is reported in this chapter. The effect of needle activation on 
the force required to penetrate the needle into a specimen, which in turn effects the 
needle deflection, is also studied. 
 
The experimental setup utilised to conduct these studies is described in Section 5.1. The 
results obtained from each study are presented and discussed in Section 5.2. In order to 
further enhance the visibility of a standard medical needle, an image processing 
algorithm was developed. This work is reported in detail in Section 5.3. Based on the 
outcome of the experimental work, concluding remarks are made in Section 5.4. The 
future works required for further improvements in the device and the overall system are 
also discussed here. 
 
5.1 Experimental Arrangements 
 
This section details the materials and methods used to assess the effectiveness of the 
needle actuating device in increasing the visibility of standard needles and reducing the 
needle penetration force when the needle is inserted into tissues with distinct 
mechanical properties. The work was carried out using the PZ26 rings based needle 
actuating device (ND-R-PZT) due to its stable properties under high drive conditions, as 
noted in Chapter 4. 
 
5.1.1 Needle Visibility Test 
 
The block diagram of the experimental setup is shown in Figure 5.1. A function 
generator (Agilent Technologies, UK) was used to provide small continuous wave 
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(CW) signals at the resonant frequency of the device, 21.6 kHz. These signals were 
amplified using a 32dB RF power amplifier (E&I ltd, USA). The voltage response was 
observed on an oscilloscope (Agilent Technologies, UK) while for better power 
transformation between the power source and the needle actuating device, a custom 
made impedance matching circuit comprising of a transformer with 1:8  turn ratio was 
used. 
 
 
Figure 5.1: Block diagram of experimental arrangement for needle visibility test 
  
A state of the art ultrasound imaging system, SonixTablet (Ultrasonix, Richmond, 
Canada) together with a 5 MHz linear ultrasound imaging probe was used to visualise 
the needle inside the test specimens. Furthermore, two types of needles including 
standard (non-echogenic) and echogenic anaesthetic needles were used to observe the 
difference between the two during actuation. 
 
Specimen 
 
A variety of specimens were used in stages as the study on the effects of various factors 
on the performance of the needle actuation device continued. This allowed assessment 
of the device’s performance in different conditions i.e. different tissues. In the initial 
studies, an agar-based tissue mimicking phantom was used because of its acoustic 
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properties being similar to that of human tissues (Bude and Alder, 1995). The phantom 
was prepared in-house following the specific guidelines (Zell et al., 2007) and was used 
within 24 hours of preparation. Following the success with the tissue mimicking 
phantom, ex-vivo animal tissues were used to obtain more realistic results. These 
included Ox liver and porcine tissue, which were obtained fresh from a local butcher. 
Although, many animals are used as models for biomedical research, pig is the most 
commonly used animal due to the biological similarities it shares with humans 
(Niemann, 2011). In the final stage, soft embalmed cadavers preserved by the Thiel 
method were used. The Thiel embalmed cadavers offer realization of living human 
tissue as the corpses, tissues and the organs retain their flexibility and plasticity while 
the articular joints remain freely movable. The colour of the organs is very similar to the 
in-vivo condition while no bleeding occurs (Kerckaert et al., 2008). This makes them a 
realistic substitute for living tissues for teaching and research in various procedures 
including orthopaedic surgery, laparoscopy, endoscopy and image guidance 
interventional procedures (McLeod et al., 2010). 
 
Protocol 
 
The study was carried out by using the in-plane imaging technique being the most 
common ultrasound technique for its ability to view needle shaft and trajectory (Corner 
and Grant, 2012). The depth of needle insertion was ≥ 3 cm in all cases. During the 
stages of the experimental study, various important parameters were identified and their 
effects were observed. Essentially the aim of the study was to observe the effects of: 
 
1. Needle actuation on the visibility of standard and echogenic needles 
2. Driving voltage and frequency on the performance of activated needle 
3. Adding colour Doppler and power Doppler imaging on needle visibility 
4. Needle-beam angle and needle motion inside the specimen on needle visibility 
 
5.1.2 Needle Penetration Force Test 
 
The block diagram of the experimental setup is shown in Figure 5.2. A load testing 
machine (H5KS, Tinius Olsen Inc., Horsham, USA) was used to measure the 
penetration force while providing a controlled downward motion at a constant speed.  
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Figure 5.2: Block diagram of experimental arrangement for needle penetration force test 
  
Specimen 
 
As for the needle visibility test, a variety of specimens including tissue mimicking 
gelatine phantom and ex-vivo animal tissue were used. Solid rigid polyurethane foam 
(Pacific Research Laboratories Inc., Washington, USA) which is considered as an 
alternative test medium for human cancellous bones, was also used. This allowed 
assessment of the performance of the device when the needle is made to penetrate 
through a wide and realistic range of tissues.  
 
Protocol 
 
The study was carried out primarily to observe and quantify the effect of needle 
actuation on the force required to penetrate the needle into a specimen. The effects of 
various parameters including drive voltage (30 – 50 V), frequency (22.5 – 24.2 kHz) 
and insertion speed (300 – 500 mm/min) were also investigated.  
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5.2 Results 
 
This section reports the results obtained from both studies. The experimental errors 
associated with each study are highlighted. For the needle visualization test, the 
identification of needle and its tip is absolutely crucial. Generally, the images obtained 
using the needle actuating device, shown in Section 5.2.1, clearly show the whole shaft 
of the needle including the tip. However, the noise surrounding the needle in some cases 
makes the identification of needle tip slightly ambiguous resulting in in an error of ± 1 
mm for a non-echogenic needle. This issue has been addressed with the development of 
an image processing algorithm, discussed in Section 5.3.   
 
In case of the penetration force test, the accuracy of the load testing machine is ±0.5%. 
 
5.2.1 Needle Visibility Test 
 
Most of the ultrasound imaging devices, including the SonixTablet allow the users to 
visualize the anatomical structure of interest, such as blood flow and vessels, and 
advancing needle using various imaging modalities, such as B-scan or grey scale and 
Doppler’s mode. Although the effect of actuation or needle motion can best be observed 
using the Doppler’s mode, B-scan mode was also found to be effective in the case of 
agar phantom. Figure 5.3 shows two images of an echogenic needle inside an agar 
phantom where one image shows stationary (a) while the other shows activated needle 
(b). Although the needle was clearly visible even when stationary, actuation of needle 
further enhanced its visibility by delineating it as a bright white line compared to the 
pale grey line, observed without actuation. The grey line adjacent to the bright white 
line in Figure 5.3 (b) represents the needle track of previous insertion.  
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Figure 5.3: B-Scan mode view of needle of echogenic in phantom with ultrasound activation (a) 
switched off and (b) switched on 
 
It is interesting to note that this phenomenon was only observed with echogenic needles 
and in phantom only. This behaviour can be attributed to the indentations associated 
with the echogenic needles, which is the only difference between the two types of 
needles used in this study. 
 
The effectiveness of active needles was also observed using the Doppler’s imaging 
mode. Figure 5.4 and 5.5 show the images captured for both standard (non-echogenic) 
and echogenic needles using colour Doppler mode. Although, it has been proven before 
by Hebard and Hocking (2011) and Guo et al., (2012) that echogenic needles due to 
their pattern are more visible than the standard needle, the results obtained here show 
that actuation combined with colour Doppler further enhances the visibility of the 
echogenic needle by revealing the whole shaft of the needle. The tip of the standard 
needle was also visible. 
 
Figure 5.4: Doppler’s mode view of echogenic needle in phantom with ultrasound activation (a) 
switched off and (b) switched off 
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Figure 5.5: Doppler’s mode view of standard needle in phantom with ultrasound activation (a) 
switched off and (b) switched on 
 
The effectiveness of active needle was also realised commendably in ex-vivo animal 
tissues as both standard and echogenic needles were observed clearly. Figure 5.6 shows 
that actuation clearly delineates the echogenic needle in porcine tissue  (b) by making 
the whole shaft of the needle visible as opposed to when stationary (a) where the needle 
and its tip were barely visible.  
 
 
Figure 5.6: Doppler’s mode view of echogenic needle in ex-vivo tissue when ultrasound activation 
(a) switched off and (b) switched on 
 
Figure 5.7 compares the visibility of both standard and echogenic needles in an Ox liver 
as a function of drive voltage. The drive voltage was incremented from 2V to 20V at the 
resonant frequency of the device, 21.6 kHz. It is quite evident from the images that the 
indentations in echogenic needle give rise to noise, especially below the needle while it 
is interesting to note that the intensity of the noise is proportional to the drive voltage.  
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Figure 5.7: Echogenicity of standard and echogenic needles as a function of drive voltage in ex-vivo 
tissue 
 
With an echogenic needle, driving with small voltages leads to better visibility i.e. less 
or no noise as the needle can be identified easily whereas at large voltages, although the 
intensity of Doppler signal is strong, the presence of strong artefact below the needle 
makes it difficult to identify the needle shaft and tip accurately. The artefact represents 
the motion of the surrounding tissues which is caused due to the roughened surface of 
the echogenic needle.  In contrast, the shaft of the standard needle is well defined at 
large voltages as compared to the small voltages where only the identification of needle 
tip is possible. The use of standard needles with large drive voltages is advantageous 
even in cases where the user is penetrating the needle through difficult tissues i.e. where 
large penetration force is required. This is because it aids in reducing the penetration 
force through action similar to the ultrasonic cutting, as observed in Section 5.2.2.  
 
It was however observed that changes in device resonant frequency due to the loading 
conditions can negatively affect the performance of the device, requiring manual 
adjustment of driving frequency to match the resonant frequency of the device. A 
detailed study on the effects of loading conditions on the performance of an 
ultrasonically activated device is reported in Chapter 6. 
  
The distinction between the two variants of Doppler’s mode i.e. colour and power 
Doppler was also studied. Although power Doppler has the ability to produce images 
which are hard or impossible to obtain using colour Doppler (McDicken and Anderson, 
2002), in case of an activated needle, the use of power Doppler can lead to 
misinterpretation of needle tip location at times as it reveals more information than 
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required. Figure 5.8 shows the echogenic needle being driven with 10V CW signal 
under colour and power Doppler mode. It was observed that the power Doppler mode 
(b) results in more noise towards the tip of the needle as opposed to the colour Doppler 
mode (a) leading to misinterpretation of the actual position of the needle tip. Besides the 
clarity the colour Doppler mode offers, it also allows approximation of the magnitude 
and direction of the velocity of the needle motion by means of a colour scale. This holds 
significance for the image processing work, discussed in Section 5.3, whereby the 
information provided by the colour Doppler mode can be used to establish an image 
processing algorithm to further strengthen the application of needle actuating device. 
 
 
Figure 5.8: Activated standard needle in ex-vivo tissue observed under (a) colour Doppler and (b) 
power Doppler 
 
The interventionalists normally carry out the needle-based procedures using an 
oscillatory or jiggling motion, a method which is commonly practiced to identify the 
needle tip as the needle is inserted into the tissue (Chin, Perlas and Brull, 2008). The 
effect of manual oscillatory or jiggling motion on the performance of the activated 
needle was also studied. Figure 5.9 shows the forward and reverse motion of the 
standard needle along with the manual oscillation motion when penetrated into an Ox 
liver. 
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Figure 5.9: Effect of needle backward (a,c and d) and forward (b,d and f) motion on the visibility of 
activated standard needle when driven with (a & b) 20V, (c & d) 10V and (e & f) 5V 
 
The reverse (a, c and e) and forward (b, d and f) motions of needle are represented by 
blue and yellow colours which represent the upper and lower end of the colour scale 
respectively. Since the needle was actuating, vibration motion throughout the length of 
the needle, represented by a blend of various colours, was also observed. Both 
reverse/forward and jiggling motions were found to affect the visibility of the needles 
under Doppler as slight noise, surrounding the needle was observed. The noise observed 
becomes significant in case of an echogenic needle as the embedded indentations 
adheres to the surrounding tissues consequently leading to tissue motion. It was 
observed that the noise generated due to the needle motion can be controlled by 
adjusting the drive voltage.  
 
Finally, a study on a Thiel cadaver was carried out following the same protocol as used 
for tissue mimicking phantom and ex-vivo animal tissues. The effectiveness of the 
needle actuating device was again proved as both needles were completely delineated 
during actuation. Figure 5.10 and 5.11 shows the effect of activation on visualization of 
standard and echogenic needles respectively. These were placed in the lower abdomen 
region of a Thiel embalmed cadaver.  
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Figure 5.10: Doppler’s mode view of standard needle in Thiel embalmed cadaver when ultrasound 
activation (a) switched off and (b) switched on 
 
The effect of activation on the visibility of echogenic needle was explicit enough that 
the gap separating the sections of echogenic patterns, as can be seen from Figure 2.4, 
was also observed as a break, in contrast to the colours representing the echogenic 
patterns. 
 
 
Figure 5.11: Doppler’s mode view of echogenic needle in Thiel embalmed cadaver when ultrasound 
activation (a) switched off and (b) switched on 
 
A comparison between colour and power Doppler functions of Doppler imaging was 
also made, as shown in Figure 5.12. Compared to the response observed in case of ex-
vivo tissue, shown in Figure 5.8, power Doppler mode was found to be more effective 
in case of Thiel cadaver because its response was more localised. 
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Figure 5.12: Activated standard needle in Thiel embalmed cadaver observed under (a) colour 
Doppler and (b) power Doppler 
 
In contrast to the studies carried out using phantom and ex-vivo animal tissues, the 
effect of needle-beam angles on the visibility of needle was also observed. Figure 5.13 
shows the effect of four needle insertion angles (approximated) on the visibility of 
standard needle when actuated with 10Vp-p CW signal. Repeated measurements at each 
of the selected insertion angles qualitatively showed the benefits of the device. At 15° 
(a), a strong presence of noise below the needle was observed. This can be attributed to 
the frequent changes in the needle-beam angle, associated with the necessary 
positioning of the needle with reference to the imaging probe to adopt the in-plane 
approach at shallow angles. With increase in the needle insertion angle, the noise level 
reduced significantly. At 30° and 45°, there was almost no sign of noise as the needle 
shaft could be identified clearly. This development can be attributed to the ease in 
adopting the in-plane approach at large angles. Moreover, it was observed that minor 
adjustments in the needle-beam angle at this stage can further improve the needle 
visibility. 
  
At 55°, the shaft was clearly visible while slight noise around the upper part of the 
needle was observed. Thus, a conclusion which can be drawn out from this part of the 
work is that although needle-actuating device is effective generally, care must be taken 
at relatively small angles and that the user must ensure that the needle is in-plane with 
the ultrasound beam at all times. 
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Figure 5.13: Effect of various needle insertion angles on the visibility of standard needle in Thiel 
embalmed cadaver - (a) 15°, (b) 30°, (c) 45° and (d) 55° from horizontal 
 
As the feasibility of the needle actuating device was investigated in the form of a 
process through a range of specimens i.e. from phantom to ex-vivo animal tissue and 
then Thiel embalmed cadaver, it was observed that the en suite parameters of the 
ultrasound imaging system which control the quality of ultrasound image in general also 
play an important role in improving the visibility of active needle. The improvements in 
the quality and clarity of the images achieved during the whole process were partly due 
to the optimization of these parameters.  
 
The ultrasound imaging system (SonixTablet) used in this work allows the user to select 
the presets depending on the application the user intends to perform, such as breast or 
abdomen. This optimizes the parameters to suit the desired application. These 
parameters can be further adjusted manually to fine tune the desired application (Sonix 
tablet user manual, 2011) or enhance the visibility of active needle. Some of these 
parameters as they appear on SonixTablet display, along with the description of their 
possible effects and the relevant settings used are as follows: 
 
• Freq adjusts transducer frequency. It is best to use the maximum frequency 
possible as it improves axial resolution providing penetration as acceptable, 
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producing enhanced beam shape and increase the return from non-specular 
interfaces. The frequency used for the study was 10 MHz. 
 
• Focus adjusts the focal zone position. Throughout the scan, the user should 
constantly check the position of the focal zone and ensure that in case of needle-
assisted procedures, needle should be within the focal zone to be seen clearly. 
 
• Gain refers to the amplification applied to all returning echo signals. If set too low 
there will be underwriting of the image and real echo data will be lost from the 
display i.e. no colour will be displayed. If set too high there will be overwriting of 
the display with artefactual noise introduced (Hoskins, Martin and Thrush, 2010). 
The gain value of 50% was used. 
 
• Wall Filter also known as high pass filter is used to eliminate frequency shifts 
below a set threshold from the display. It helps to eliminate the high amplitude, low 
frequency shift signals caused by the movement of the vessel walls (Owen and 
Zagzebski, 2010) and anaesthetic drug motion. A wall filter setting of 425 Hz was 
used to eliminate the surrounding tissue motion. 
 
• Ensemble or ensemble length refers to the number of pulses used to generate each 
colour line in colour Doppler mode. In other words ensemble adjusts the sensitivity 
of the colour Doppler. Ideally each line of sight must be pulsed several times. The 
ensemble length is determined by the selected application which is directly 
proportional to the velocity of interest (Hoskins, Martin and Thrush, 2010). The 
ensemble value of 8 was used. 
 
• PRF adjusts Pulse Repetition Frequency which consequently affects the sensitivity 
of the imaging probe. According to Owen and Zagzebski (2010), high PRF value 
are desirable for needle-based procedures thus, PRF value of 1.3 kHz was used. 
 
• Clarity adjusts the level of speckle reduction where high level of clarity leads to 
smoother image. Considering the desired high sensitivity, clarity setting “medium” 
was used. 
EXPERIMENTAL ANALYSES 
Muhammad Rohaan Sadiq Page 131 
 
 
• Depth adjusts imaging depth. Increasing the depth allows deeper structures to be 
viewed, but reduces the scale and also slows down the frame rate, as each line of 
the image takes slightly longer to acquire. The depth value of 4 cm was used to 
match the desired depth of needle insertion. 
 
5.2.2 Needle Penetration Force Test 
 
Limitations in imaging (Carr et al., 2001), such as poor visualization of needle, coupled 
with needle deflection (Roberson et al., 1997) can result in target misplacement. This is 
particularly challenging for applications, such as biopsy and trans-rectal ultrasound 
(TRUS) prostrate brachytherapy, where accurate tissue sampling and seed placement is 
highly desirable. Needle deflection, proportional to the penetration force, is generally 
due to the bevel tip and diameter of the needle (Kataoka et al., 2002; Okamora, Simone 
and O’Leary, 2004) while the tissue into which the needle is inserted also contributes to 
needle deflection. According to Tashereau et al. (2000), the factors that affect tissue 
deformation and thus cause needle deflection include mechanical properties of soft 
tissue, needle tip contact force, and frictional forces between the tissue and the needle. 
 
Having successfully tested the needle actuating device for enhancing the visibility of a 
standard needle, the next objective was to study the effect of needle actuation on the 
force required to penetrate a needle into a variety of specimens such that the real 
scenario can be mimicked. Figure 5.14 compares the penetration force required to 
penetrate each specimen and the effect of needle actuation on the force response.  
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Figure 5.14: Force vs distance plots obtained when the activated needle was penetrated in (a) 
phantom, (b) sawbone and (c) porcine tissue 
 
Although, as expected, the force required for the needle to penetrate through the 
gelatine phantom was relatively small, active needle further reduced the required force 
by approximately 14.5%. In case of sawbone and porcine tissue samples, 28.9% and 
38% reduction was witnessed at the corresponding puncture phases, represented by the 
steep peaks in (b) and (c) respectively. Gelatine phantom however, did not show the 
similar behaviour i.e. puncture phase, because of its relatively low elastic modulus, 
approximately 300 kPa compared to 900 kPa measured for porcine tissue. The elastic 
modulus for each specimen was measured as a part of the routine experiments by using 
the same load testing machine and controlling software which has the ability to 
automatically calculate the relevant mechanical properties of the materials under 
observation. 
 
The penetration force was found to be directly proportional to the insertion depth in all 
three specimens as it increases with insertion depth. This may be due to the resistance 
caused by the friction between the needle surface and the surrounding tissue. 
Nevertheless, actuation was found to be effective at depth ≤ 4 cm. The effect of loading 
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conditions on the performance of the needle actuating device was also observed as small 
changes in driving frequency were required to ensure efficiency in all three specimens.  
 
Another finding from the work is that the needle insertion speed affects the penetration 
force. Figure 5.15 shows that high insertion speed leads to high penetration force in 
phantom, a trend which is similar to sawbone, whereas in case of porcine tissue, it is 
contrary i.e. the increase in insertion speed results in lower penetration forces. 
Moreover, the non-uniform behaviour observed in case of porcine tissue can be 
attributed to the various layers of fibres and inhomogeneity within the porcine tissue.  
 
 
Figure 5.15: Effect of needle insertion speed on penetration force observed when the activated 
needle was penetrated in (a) phantom and (b) porcine tissue 
 
5.3 Image Processing Algorithm 
 
Since the clinicians normally prefer to use the B-scan (grey-scale) imaging mode, an 
image processing algorithm to compute a best-fit mathematical line based on the needle 
image was developed in Matlab (Mathworks Inc., Cambridge UK). The algorithm 
focused on processing the Doppler images and superimposing a line on the B-scan (grey 
scale) image, showing the exact location of the needle, especially its tip. The process 
diagram for the algorithm is shown in Figure 5.16. 
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Figure 5.16: : Image processing algorithm flowchart 
 
5.3.1 Remove B-Scan (Grey Scale) Components 
 
The primary step of the processing was the removal of grey scale components from the 
image. This is particularly important for the identification of the distal and proximal 
ends of the delineated needle such that the end coordinates of the mathematical lines can 
be determined accurately. 
 
RGB (red, green, and blue) refers to a system for representing the colors to be used on a 
computer display. Red, green and blue can be combined in various proportions to obtain 
any color in the visible spectrum. Levels of R, G, and B are represented by the range of 
decimal numbers from 0 to 255 (256 levels for each color). The total number of 
available colors is 256 x 256 x 256 or 16,777,216 possible colors. In B-scan or grey 
scale mode image, RGB values are identical. Thus, pixels with same RGB values were 
removed such that an image of the coloured needle against black background, as shown 
in Figure 5.17, can be achieved. 
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Figure 5.17: Removal of grey scale components from the image - (a) initial and (b) processed stages 
 
5.3.2 Define the Slope of Needle 
 
Images are stored in 2D matrices, which represent the locations of all pixels. All images 
have an X component and a Y component. At each point, a colour value representing a 
corresponding pixel is stored. If the image is black and white (binary), either a 1 or a 0 
will be stored at each location where 0 and 1 indicate black and white colours 
respectively. If the image is greyscale, it will store a range of values and each element 
of the matrix determines the intensity of the colour of each pixel. For convenience, most 
of the current digital files use integer numbers between 0 and 255, giving a total of 256 
different levels of grey. If the image is in colour, it will store a set of values 
representing the three layers or matrices associated with RGB space. The elements of 
these matrices are integer numbers between 0 and 255 and they determine the intensity 
of the pixel with respect to the colour of the matrix.  
 
Once the matrix of the Doppler image was defined, it was rotated in 3° steps such that a 
total of 60 matrices between 0° and 180° can be obtained. It is important to mention 
here that the degree of rotation governs processing time and accuracy of the algorithm 
as small angles lead to higher accuracy and longer simulation time. The matrices, 
obtained through rotation, were then multiplied together using the convolution method. 
Generally, this method is used to merge and average all the colour values around each 
pixel to blur images, highlight edges and boundaries, and sharpen images. However, in 
the work reported here, it is used to scan and search for specific patterns such that a 
mathematical line with the slope matching that of the coloured needle can be produced.  
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Figure 5.18: Mathematical line superimposed on a processed image 
 
5.3.3 Draw Mathematical Line 
 
The mathematical line computed through convolution of matrices, as can be seen from 
Figure 5.18, runs through the whole image. Although this shows the angle and path of 
the needle insertion, it does not specify the tip of the needle. The determination of the 
end points of the needle through the removal of grey scale components in the first stage 
of image processing therefore becomes necessary to define the end points of the line. 
This was done by identifying the pixel values at the tip of the needle and setting them as 
the end points of the mathematical line. Figure 5.19 (a) shows the optimised image with 
a mathematical line superimposed on the colour Doppler image. The algorithm 
established is only able to process the image within the colour Doppler window, 
represented by the blue rectangle. Thus, in order to benefit from image processing, it is 
important to have large Doppler window such that the whole needle including its tip can 
be processed.  
 
The final stage of the algorithm was to superimpose the computed mathematical line on 
the original B-scan mode image. This was done by simply reading the B-mode image 
prior to the application of the line function in the Matlab code, as shown in Appendix E. 
Figure 5.19 (b) shows the final image where a mathematical line is superimposed on the 
B-scan mode image.  
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Figure 5.19: Optimised mathematical line superimposed on (a) processed and (b) grey scale images 
 
5.4 Discussion and Conclusion 
 
Considering the need for experimental studies to prove the design concept of the 
proposed needle actuating device, this chapter reported the feasibility studies carried out 
to observe the credibility of the needle actuating device for a range of percutaneous 
needle procedures. The choice of the device i.e. PZ26 rings based transducer (ND-R-
PZT) for the studies was made on the basis of the performance and stability it offers 
under high drive conditions. 
 
The work reported here can be divided into two parts. The first part of the work dealt 
with the study of the effectiveness of needle actuating device in enhancing the visibility 
of standard medical needles. This study was carried out in stages as the performance of 
the device was first assessed in tissue mimicking phantoms then ex-vivo animal tissues 
and finally in Thiel embalmed cadavers. Based on the results reported in Section 5.2.1, 
it is believed that activated needles coupled with colour Doppler imaging modality have 
great potential in a range of percutaneous needle procedures. It allows the clinicians to 
visualise the whole shaft and the tip of standard medical needles. Generally, activated 
echogenic needles are more visible than the activated standard needles however; the 
indentations associated with echogenic needles also give rise to the noise which can be 
controlled by adjusting the drive voltage. 
 
It was observed that slight changes in device resonant frequency can lead to poor 
performance. It is therefore necessary to ensure either by manual adjustment or by 
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means of feedback system that the device is operating at the correct frequency at all 
times. Besides the imaging system parameters it was observed that the technique 
adopted to carry out the procedure also affects the response of the activated needle. The 
activated needle was best observed at angles ≥ 30° while at small angles ≤ 20° noise 
was also observed. In order to obtain better response at shallow angles, the user must 
ensure that the needle is in-plane with the ultrasound beam at all times.  
 
In order to reduce the noise associated with Doppler’s mode and to delineate the needle 
and its tip with high accuracy on grey scale image, an image processing algorithm, 
reported in Section 5.3, was developed. The algorithm is capable of processing the 
colour Doppler image such that a line marker, calculated based on the colour response 
of the needle, is superimposed onto the grey scale image. At present, the processing 
time required to process one image is 10 seconds. However, it is believed that in the 
future work, with modifications in the current algorithm and incorporation of a faster 
processing machine, this feat will be achieved in real time. 
 
The second part of the work dealt with the study of the effectiveness of the needle 
actuating device in reducing the penetration force and thus needle deflection when the 
needle in inserted into a tissue. This work was also carried out using various specimens 
including gelatine phantom, sawbone and ex-vivo animal tissue. Broad conclusions 
were identified, as reported in Section 5.2.2, including significant reduction in 
penetration forces with actuation. It was observed that depending on the tissue involved, 
reductions in excess of 30% can be achieved. The effects of other parameters, such as 
insertion speed, on the performance of the device were also evident. It was observed 
that loading conditions are critical to the performance of the needle actuating device and 
by countering these effects; a highly stable needle actuating device can be achieved. 
Thus, for optimum performance of the proposed needle actuating device in improving 
the visibility or reducing the penetration force, it is important to have a dynamic 
impedance and frequency tracking process.  
  
The overall conclusion which can be drawn from this work is that the needle actuating 
device has the ability to produce colourised images of standard medical needles with 
significant improvement in the confidence of detection of the needle, compared with the 
conventional grey-scale imaging. In addition to the increased visibility, the device is 
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also capable of reducing the penetration force and thus needle deflection. This complete 
package of increased visibility and reduced needle deflection can be of immense benefit 
in cases, such as in obese patients or in deep abdominal biopsies during which a needle 
cannot be easily oriented in a plane perpendicular to the sound beam due to poor needle 
visibility and deflection. Although foundations of future work, such as image processing 
algorithm and frequency tracking system, have been laid already, further work is 
required to complete and incorporate these into the existing system. A full-scale clinical 
trial on Thiel cadavers will then be of great significance. This will comprise of number 
of tests based on various needle insertion angles, in-plane and out of plane insertion, 
non-echogenic and echogenic needles, tuohy and non-tuohy needles. 
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6 d31-MODE BASED PLANAR TOOL 
The design theory for the mass-spring configuration of piezoelectric transducers has 
been well established (Stansfield, 1991) as discussed in Chapter 2 and implemented in 
Chapter 4. Besides various applications, such as SONAR and ultrasonic cleaning, this 
configuration has also been used as surgical tools, such as harmonic scalpels (Hodgson, 
1979) and proposed for percutaneous needle procedures in Chapter 4 of this thesis. 
Generally, in medical industry, simple and lightweight devices which contrast with the 
existing ultrasonic scalpels are desired. An alternative approach is to use a planar tool to 
which a piezoelectric material can be bonded directly. The approach, explored 
previously by Lal and White (1995) used piezoelectric ceramic material on silicon (Si) 
blade. The design concept showed significant advantages in simplicity but with 
limitations in terms of mechanical Q factor, QM, which was found to be smaller than the 
piezoelectric material used.  
 
Both conventional (mass-spring) and planar configurations operate similarly in 
longitudinal resonant mode when excited by the piezoelectric material. The main 
difference is that the conventional tool operates in the d33 mode of the piezoelectric 
material while the planar tool operates in the d31 mode, as shown in Figure 6.1. The 
planar configuration can either be used as a surgical scalpel or with some modifications 
to actuate standard needles. 
 
 
Figure 6.1: 3D model reperesntation of (a) conventional and (b) planar configuration of ultrasound 
cutting device 
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As noted in Chapter 2, piezoceramics are the most conventionally used piezoelectric 
materials in high power ultrasound and actuator applications however; since first 
reported in 1990’s, the new piezocrystals with extraordinary piezoelectric properties 
have been investigated (Shrout et al., 1990; Duan, Xu and Wang, 2005; Zhang et al., 
2008; Luo et al., 2008; 2010; Liu et al., 2010). These materials besides offering 
extremely high piezoelectric coefficients possess high compliance, leading to a reduced 
stack length subsequently reducing the overall size of a transducer and an ultrasound 
device (Meyer, Montgomery and Hughes, 2002). These newly developed materials have 
been used in various applications, such as SONAR (Oakley and Zipparo, 2000), and 
have also enjoyed success in some medical applications, such as ultrasound imaging 
(Chen and Panda, 2005).  
 
In this chapter, three planar cutting tools to which optimally cut d31-mode piezocrystals 
components have been attached to allow longitudinal motion at their corresponding 
resonant frequencies are reported. The tools are distinguished by the blade and driving 
piezoelectric materials. Stainless steel and silicon were considered for blade while 
binary (PMN-PT) and Mn-doped ternary (Mn:PIN-PMN-PT) piezocrystals were used 
for driving piezoelectric material. The tools have been developed based on finite 
element modelling (FEM), allowing prediction of vibration modes and modifications to 
further enhance the performance of the tools. This work is presented in Sections 5.1 and 
5.2. The procedure adopted for the fabrication of the tools is detailed in Section 5.3. 
Section 5.4 reports the characterization procedure along with the relevant results. The 
effects of loading conditions on ultrasonically actuated tools in general have also been 
studied using the fabricated planar tool. This work is reported in Section 5.5. Finally, 
Section 5.6 discusses the outcome of the work followed by the conclusion and the future 
work. 
 
6.1 Design 
 
The design of the tools resembles a dagger with a triangular blade section, a nodal 
mounting resembling the hilt of the dagger in the case of the stainless steel design, 
Figure 6.2 (a), and a rectangular extension as an inertial mass beyond the hilt, 
resembling the handle. Commercial FEM software, ABAQUS (Dassault Systèmes, 
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France, 6.8-2008) was used to design the blades based on the specification of the 
driving frequency corresponding to the natural fundamental 31-mode resonant 
frequencies of the piezocrystal plates.  
 
As shown in Figure 6.2, the dimensions of the blades were found to correspond well 
with the desired longitudinal mode shape at 73 kHz (a and b) and 106 kHz (c). These 
correspond to the resonant frequencies of PMN-PT and Mn: PIN-PMN-PT d31-mode 
plates respectively. Careful consideration was given to the mounting technique, with the 
nodal plane identified as shown by the broken lines, and suitable holders were designed.  
 
 
Figure 6.2: Schematic and displacement plots of (a) stainless steel tool (73 kHz), (b) silicon tool (73 
kHz) and (c) silicon tool (106 kHz) 
 
6.2 Finite Element Analysis 
 
Prior to fabrication, performance analyses of the complete tools (blade and driving 
piezocrystal bonded together) were carried out using finite element analysis (FEA) in 
PZFlex (Weidlinger Associates Inc, USA, 2.4-2011). Because of its explicit-implicit 
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time integration algorithm, PZFlex has the ability to solve large, complex 
electromechanical models. 
 
6.2.1 Length Thickness Extensional (LTE) d31 – Mode Plates 
 
Considering the inconsistency associated with the properties of the piezoelectric 
materials in general and/or piezocrystals in particular, often reported in FEA related 
literature (Rehrig, Hackenberger and Jiang, 2002; Meyer, 2002 and Silva, Franceschetti 
and Adamowski 2006), the d31-mode plates were simulated using the properties 
reported by Luo et al. (2008; 2010) and Qui et al. (2011) and compared with the 
experimental measurements to observe the accuracy of the theoretical analysis. Figure 
6.3 shows the comparison between theoretical and experimental data obtained for both 
PMN-PT and Mn: PIN-PMN-PT d31 plates.  
 
 
Figure 6.3: Comparison between theoretical and experimental impedance data obtained for d31-
mode (a) PMN-PT and (b) Mn: PIN-PMN-PT plates 
 
Generally, the analysis was found to be in good agreement. Although, Mn: PIN-PMN-
PT is a relatively new material with little history of the accuracy of material properties, 
the theoretical data was found to be in proximity to the experimental data. Variations 
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recorded in frequency and impedance were 0.8% and 10.6% for PMN-PT and 7% and 
3.5% for Mn: PIN-PMN-PT respectively.  
 
6.2.2 Planar Tools 
 
To analyse the performance of the tools when operated at their respective resonant 
frequencies, simulations were carried out using 3D models with symmetric boundary 
conditions, as shown in Figure 6.4. A fine mesh (500 elements per wavelength) was 
used at the expense of large simulation time of approximately five hours, to adequately 
simulate the narrow tip of the blades. The blades were allocated ANSI304 stainless steel 
and silicon properties while published data for PMN-29%PT (Luo et al., 2008 and Qiu 
et al., 2011 and Mn: PIN-PMN-PT (Luo et al., 2010) properties were used for the d31–
mode plates.  
 
Direct contact between d31–mode plate and blade was assumed. Harmonic analyses 
were performed considering the application of voltage across the d31-mode plate, poled 
in the z-direction. The input was set to vary sinusoidally between ±1 V, as indicated in 
Figure 6.4. Mode shapes at the resonant frequencies and performance measurement 
parameters, such as mechanical Q factor, QM, and the effective coupling coefficient, keff, 
were predicted. 
  
 
Figure 6.4: 3D FE models of (a) stainless steel and (b) silicon tools 
 
In all three cases, it was learnt that two tool configurations, single and double-sided 
configurations, are possible, with one and two d31-mode plates respectively. For the 
single-sided tool configuration, at the resonant frequencies, a combined longitudinal – 
bending mode was found along the length of the tool which becomes significant at the 
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tip of the tool. Figure 6.5 shows the mode shapes and the corresponding normalised 
displacement plots for PMN-PT based stainless steel (a) and silicon (b) tools. 
    
 
Figure 6.5: Mode shapes for single-sided configuration of (a) stainless steel and (b) silicon tools 
 
The bending was avoided and the displacement was amplified with the attachment of 
the second d31-mode plate on the other side of the blade, hence the double-sided 
configuration. Figure 6.6 shows that double-sided configuration for PMN-PT based 
stainless steel (a) and silicon (b) tools, created by using symmetry boundary conditions, 
leads to a single longitudinal mode along the length of the tool. Further advantages of 
double-sided configuration are discussed later. 
  
 
Figure 6.6: Mode shape for double-sided configuration of (a) stainless steel and (b) silicon tools 
 
d31-MODE BASED PLANAR TOOL 
Muhammad Rohaan Sadiq Page 146 
 
6.3 Fabrication 
 
The fabrication process involved machining of the stainless steel and silicon blades to 
accurate dimensions followed by the attachment of the <001> PMN-PT and Mn-doped 
PIN-PMN-PT d31-mode plates at the nodal plane, towards the top of the triangle.  Both 
piezocrystal materials were obtained from TRS technologies Inc., USA. PMN-PT plates 
of dimension 10 x 3 x 1 (mm3) and Mn: PIN-PMN-PT plates of dimension 7 x 2 x 0.5 
(mm3) were used in this work. 
 
6.3.1 Thin Film Gold Plating of Silicon 
 
As silicon is a non-conductive material, the silicon blades were sputter-coated with 
Chromiuim (Cr, 25 nm) and then deposited with gold (Au, 75 nm) in the early work 
prior to the attachment of the piezocrystals to serve as a ground connection. Cr was 
used to aid Au adhesion. In the later work, an alloy of palladium (Pd) and Au, 
composition 20%:80% was used, with the same overall thickness to reduce the 
sputtering cost. The steps taken and the methodology adopted to carry out the thin film 
gold plating procedure is as follows: 
 
Cleaning 
 
Generally, cleanliness of silicon wafer is essential to ensure good adhesion of thin film 
of any metal or alloy. A solvent clean process with two-solvent method was adopted to 
clean the silicon blades. Solvents can clean organic and inorganic contaminants, such 
as, dust, oil and organic residues, which appear on glass surfaces. These contaminants 
make the wafers discoloured or smudged, and are mainly caused due to stains, 
fingerprints, water spots, etc.  
 
First of all, the blades were dipped into an acetone bath for 5 minutes. At this stage, 
most of the contaminants were cleaned however; some solvents including acetone leave 
their own milky-white coloured residue. In order to clean the residue, the blades were 
dipped into an isopropanol bath twice for 2 minutes and wiped with soaked tissues in 
the interval between the two baths. Finally, the blades were heated at 120°C on a heat 
plate for 3-5 minutes to get rid of any water molecules which may be present in 
molecular scale on the surface of the blades. 
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 Chromium coating 
 
Since direct adhesion of gold to silicon is not possible, an interference material is 
usually used to make the gold-silicon adhesion stronger. In case of silicon tools reported 
here, Cr was deposited prior to the deposition of Au on the blades. 
 
The sputtering process was carried out using DC Sputterer (ION Tech. Ltd., 
Teddington, UK). The target (Cr) disc was placed at the bottom of the chamber as 
shown in Figure 6.7. The blades were clamped at the top of the chamber. Prior to the 
start of the process, the chamber was closed and degassed such that all oxygen content 
is removed. 1000V was applied between Cr (cathode) and Si blades (anode) while at the 
same time argon gas (Ar) was delivered to the chamber. As soon as 0.001 mbar pressure 
is reached, the  Ar molecules attracts towards the cathode, striking it very hard resulting 
in a plasma which causes the Cr particles to break off the disk and creates a thin film of 
chromium, with thickness 25 nm, inside the chamber, covering everything including the 
Si blades. 
 
Figure 6.7: Schematic of DC sputtering process 
 
Gold evaporation 
 
Following a successful sputter-coating of Cr, thin film of Au was deposited on the 
blades by using Edward Auto 306 Vacuum Coater (Edwards Ltd. UK). The process 
diagram is shown in Figure 6.8. First of all, a 20 carat gold wire (a) was placed onto a 
tungsten (W) evaporation boat clamped between the two electrodes (b). The Si blades 
were then mounted on a disc inside the chamber (c). Like the sputtering process, prior to 
the start of the process, the chamber was closed and degassed such that all oxygen 
content is removed.  
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A 3.5A current was applied across the two ends of the boats i.e. two electrodes for few 
minutes resulting in evaporation of the gold wire (e). The process time depends on the 
desired thickness and deposition rate of Au while the thickness of the thin film depends 
on the distance between the blades and the boat. Although 10 nm thick film is sufficient 
to achieve conductivity, 75 nm thick film was applied (f) to accommodate high drive 
voltages. 
 
 
Figure 6.8: Gold evaporation process diagram 
 
6.3.2 Assembling the Tools 
 
In order to accurately position the d31-mode plates relative to the nodal plane of the 
blades, bespoke jigs as can be seen from Figure 6.9, for silicon tools, were designed and 
rapid prototyped. The jigs comprised two components where the bottom and top parts 
had provisions for blade and d31-mode plate respectively. A low viscosity, high-strength 
Ag-loaded epoxy (Epotech, Inc., Billerica, USA) was used to bond the piezocrystal 
plates onto the blades.  
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Figure 6.9: Bespoke jig for alignment - (a) individual components and (b) assembly 
 
Figure 6.10 shows the fabricated tools held in suitable holders, with thin copper lead 
wires used for external electrical connections and Ag-loaded conductive epoxy (Agar 
Scientific Ltd., Essex, UK) to secure the connections. The positive connection was 
made at the nodal plane of the d31-mode plates to reduce damping and avoid high 
electrical impedance.  
 
The two distinct holders, as can be noticed from Figure 6.10, indicate the difference in 
the design of the blades. The stainless steel blade (a) was designed with a nodal mount 
possessing M1 holes to allow for miniature screws to clamp the blade to the holder but 
since the machining of such nodal mounts was not possible with silicon, considering its 
fragile nature, later, Si  blades (b) were designed without a nodal mount while a collet 
holder was designed to secure the tools. 
 
 
Figure 6.10: Fabricated (a) stainless steel and (b) silicon tools 
 
6.4 Characterization 
 
The characterization protocol, reported in Chapter 4, was used whereby small and large 
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signal characterizations were carried out to determine the performance measurement 
parameters and observe the performance of the tools under high drive conditions. 
 
6.4.1 Small Signal Characterization  
 
The impedance curves obtained for the single-sided and double-sided configurations of 
PMN-PT d31-based silicon tool are shown in Figure 6.11. The single-sided configuration 
besides having a bending motion as noted from simulation results in Figure 6.5, also 
possessed high electrical impedance at resonance, Z = 200 Ω, requiring high drive 
voltages to achieve the desired response. The double-sided configuration reduced the 
electrical impedance at resonance to Z = 30Ω, through a combination of the doubling of 
the effective plate area and better coupling to the blade mode.  
 
 
Figure 6.11: Experimental impedance magnitude and phase plots obtained for (a) single-sided and 
(b) double sided (PMN-PT) silicon tool 
 
Table 6.1 shows the comparison between theoretical and experimental data obtained for 
the double-sided configuration for all three tools. Generally, the theoretical analyses 
were found to be in good agreement with experimental data however, the slight 
discrepancies which can be noticed in the parameters, can be attributed to the properties 
of the piezocrystals, especially Mn: PIN-PMN-PT. 
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Table 6.1: Theoretical and experimental impedance data for tools 
 
 
The parameters extracted from each tool are listed in Table 6.2. It can be seen that both 
blade and piezocrystal material affect the performance of the tool. Generally, all tools 
fall within the limits of an ideal resonator as specified by Stansfield (1991). Since 
silicon has an order of magnitude lower internal loss than the metals, it results in 
significantly higher QM tool with QM = 1500 as compared to stainless steel tool with QM 
= 390. The use of Mn:PIN-PMN-PT further enhances the performance of the tool by 
increasing QM to approximately 2400. This value is significantly higher than the 
conventional piezoelectric resonators. Large QM is usually desirable for cutting 
applications but since keff is inversely proportional to QM, the resultant keff values for all 
tools are significantly smaller than the ideal resonator characteristics, resulting in 
narrow operating bandwidth.  
 
Table 6.2: Performance measurement parameters for tools 
 
 
6.4.2 Large Signal Characterization 
 
The performance of the tools was analysed under high drive conditions. Figure 6.12 
shows the block diagram of the experimental setup where the tools were driven with 
increasingly voltages at the corresponding resonant frequencies.  
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Figure 6.12: Block diagram of experimental arrangement for large signal characterization 
 
The benefits of the double-sided configuration were also evident under high drive 
conditions. The displacement amplitude at the tip of the tool increased to some extent 
for the stainless steel tool and significantly for the silicon tools.  Figure 6.13 compares 
the displacement as a function of drive voltage response for the PMN-PT-based 
stainless steel and Si tools with single-sided and double-sided configurations. The two-
fold increase in the displacement amplitude for silicon tool can be attributed to reduced 
impedance and increased power capacity due to the addition of another d31 plate. 
 
 
Figure 6.13: Displacement plots obtained for PMN-PT based (a) stainless steel and (b) silicon tools 
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As expected, because of the large QM, the silicon tools generated larger amplitude 
velocities at the tip of the blades than the stainless steel counterpart, while the Mn: PIN-
PMN-PT based silicon tool produced the largest amplitude. Table 6.3 compares the 
velocities and the corresponding displacement amplitudes generated by the tools when 
driven by 20Vp-p CW sinusoidal signal. 
 
Table 6.3: Velocity and displacement data recorded for fabricated tools 
 
 
During the self-heating experiment, it was observed that all three tools generated 
approximately same amount of heat while the most affected area was that of the 
piezocrystal. Figure 6.14 shows thermal images of the PMN-PT-based stainless steel 
and Si tools when driven with 30 Vp-p. It can be seen clearly from Figure 6.14 (a) that 
the heating is mostly observed in the electrical connections including the conductive 
epoxy adhering the d31 plate to the blade. Hu et al. (2004) have also observed increased 
temperatures around solder joints on actuators and attributed this to contact resistance 
which can also contribute to heating. They suggested that making electrical contact at 
the nodal point, as in this case and traditionally used, to maintain a high QM in a device, 
may also be counter-productive in terms of self-heating, since this is where the strain 
transfer will be at maximum.   
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Figure 6.14: Self-heating images obtained at 30Vp-p for (a) stainless steel and (b) silicon tools 
 
Figure 6.15 shows the temperature rise as a function of the drive voltage at various sites 
on PMN-PT based stainless steel tool. The temperature change was found to be 
relatively small at the tip of the tool and on the surface of the d31-mode plate. The 
increase in temperature in Electrode 1, representing the epoxy on the sides of the 
piezocrystal plate, can be attributed to the mechanical and resistive losses in the 
electrical connections; the latter were found to be reduced through an increase in the 
electrical conductivity by the application of conductive silver paint, labelled as 
“Electrode 2”. 
 
 
Figure 6.15: Self-heating vs drive voltage plot obtained for (PMN-PT) stainless steel tool 
 
The phenomenon of self-heating in piezoelectric materials is usually a linear process i.e. 
the temperature increases linearly with drive voltage. However, the increase in 
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temperature can also lead to increased internal energy generation, leading to a rapid and 
uncontrolled temperature rise and subsequent failures. This phenomenon is also found 
in conventional capacitors and is termed as “thermal runaway” (Stewart and Cain, 
2005). Although thermal runaway is often associated with catastrophic failures in 
piezoelectric devices, these failures are usually failure of ancillary components, such as 
soldered connections and adhesively bonded joints, which in turn cause mechanical 
failures in piezoelectric materials and thus transducer failure. Figure 6.16 shows the 
different types of failures caused due to the continuous high drive operation of planar 
tools which included chipping and cracking of piezocrystals.  
 
 
Figure 6.16: Failures due to high drive conditions resulting in (a) cracking, (b) chipping and (c) 
breaking of bond line 
 
6.5 Effect of Loading Condition 
 
The effects of various tissue loading conditions on the performance of an ultrasonically 
actuated cutting tool were also studied in detail by using the fabricated planar tool. The 
aim of the study was to understand the behavioural changes of an ultrasonically actuated 
scalpel under practical conditions.  
 
6.5.1 Experimental Arrangement 
 
The study was carried out using the PMN-PT based d31-mode silicon planar tool which 
was chosen over the stainless steel counterpart due to its large QM as reported in Section 
6.4.1. The experimental setup as shown in Figure 6.17 includes impedance analyser, HP 
4194A (Agilent Technologies, South Queensferry, UK) which was used to obtain the 
impedance/admittance plots from which the performance measurement parameters of 
the tool under various loading conditions were determined. The tool was clamped onto a 
load testing machine (H5KS, Tinius Olsen Inc., Horsham, USA) which provided with a 
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controlled downward motion at a constant speed. Note the accuracy of the equipment 
used, impedance analyser ±0.2% and load testing machine ±0.5%. 
 
 
Figure 6.17: General view of the experimental setup for loading condition study 
 
 
Specimen 
 
The study was based on the small signal characterization of ultrasound devices as 
reported in Chapter 4 and Section 6.4.1 but with difference being the various loading 
conditions used in this case. Besides the reference loading condition of air, 5 sample 
loads including ex-vivo porcine samples, such as liver, belly, fat and skin were used. 
Saw bone (Pacific Research Laboratories Inc., Washington, USA) which was used in 
the penetration force test for needle actuating device was also used here. The tissue 
samples were less than 24 hours old while all the specimens were prepared with 
dimensions, 20 x 20 x 10 (mm3) as shown in Figure 6.18. 
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Figure 6.18: Prepared specimens for the study 
 
Protocol 
Two sets of data were recorded for each specimen. The first set of data was recorded 
when the tool tip was in contact with the specimen and the second set was recorded after 
the tool tip was made to penetrate by 2 mm into the specimens i.e. the first puncture 
phase. Essentially the aim of the study was to observe the effect of loading conditions 
on the performance measurement parameters including: 
 
1. Driving frequency or electrical resonant frequency, fe 
2. Impedance magnitude at the driving frequency, Ze 
3. Effective coupling coefficient, keff 
4. Mechanical Q factor, QM 
 
 
6.5.2 Results 
 
The effects of loading conditions can best be described by means of an admittance loop. 
The admittance loop is plotted using the real and imaginary components of admittance 
which are conductance (G) and susceptance (B) respectively. The performance can be 
interpreted easily by considering the size of the loop. The larger the size of the loop, the 
more resonant the device is while small loop represents dampening effect. The 
admittance loops shown in Figure 6.19 were obtained when the tip of the tool was 
placed in contact with (a) and submerged into (b) the surface of various samples by 2 
mm. 
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Figure 6.19: Admittance loops obtained when the tool (a) made contact with and (b) penetrated into 
specimen 
 
Considering the reference i.e. air, all the samples resulted in dampening effects. It can 
be seen that skin is the most difficult while liver is the easiest tissue to penetrate. Figure 
6.20 (a) and (b) show the corresponding values of QM and keff for each specimen 
respectively when the tool was placed in contact and penetrated 2 mm into the 
specimens. The QM value for the tool when submerged into skin, Figure 6.20 (a), was 
still higher than that of the conventional sandwich piezoelectric transducers, for which 
QM ≈ 20 – 50 (Stansfield, 1991). Moreover, since coupling coefficient is inversely 
proportional to the mechanical Q factor, the decrease in QM, due to the stiffness of the 
material, led to a slight increase in keff, Figure 6.20 (b). The largest keff value achieved 
was still less than the conventional sandwich piezoelectric transducers where k2 ≈ 0.1 – 
0.3 (Stansfield, 1991) is considered normal.  
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Figure 6.20: Performance measurement parameters obtained for specimens - (a) mechanical 
quality factor (QM) and (b) effective coupling coefficient (keff) 
 
The effect of different loading conditions on the operating frequency of the tool was 
also studied. It was learnt that various tissues with different mechanical properties can 
have varying effects on the frequency response of the tool, as shown in Figure 6.21 (a). 
Although the variations observed were small, with maximum variation being 
approximately 1% for sawbone, these can be significant enough to depreciate the 
performance of an ultrasound actuated device, also noted in case of needle actuating 
device whereby slight change in frequency leads to poor performance of the device. 
Change in frequency can also have negative effects on tool’s impedance matching with 
the power delivery system. Moreover, besides its relation with keff, QM is also related to 
Ze at the resonant frequency. Considering skin as an example, 2 mm penetration resulted 
in 60% rise in impedance, 88% fall in QM and 33% rise in keff. Figure 6.21 (b) shows the 
variation in impedance magnitude which was found to be inversely proportional to the 
variation in QM as shown in Figure 6.20 (a). 
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Figure 6.21: Performance measurement parameters obtained for specimens - (a) electrical resonant 
frequency (Fe) and (b) impedance magnitude (Ze) 
 
6.6 Discussion and Conclusion 
 
Considering the cumbersome design of the mass-spring configuration of ultrasound 
scalpels, this chapter reported an alternative approach which has the potential to replace 
the existing ultrasonic scalpels. Three planar ultrasonic cutting tools distinguished by 
the piezoelectric and blades materials were fabricated. With the utilization of optimally-
cut d31-mode PMN-PT and Mn: PIN-PMN PT plates, this work can also be considered 
as a feasibility study to assess the performance of new piezocrystals in high power and 
actuator applications. The effects of loading conditions on the performance of an 
ultrasound scalpel were also studied as a part of the characterization process. 
 
Despite the relative paucity of the simulation data available for the new piezocrystals, 
especially Mn: PIN-PMN-PT, the use of FEM prior to fabrication revealed interesting 
details about the tool configurations which were later confirmed during the 
characterization process. The use of two piezocrystal plates on either sides of the blade 
was found to be beneficial as it helped in reducing the electrical impedance and 
increasing the displacement amplitude, through a combination of the doubling of the 
effective plate area and better coupling to the blade mode. It was learnt that the 
performance of these tools essentially depends on both tool and driving piezoelectric 
materials. 
 
 The displacement amplitude at the blade tip was also increased to some extent for the 
stainless steel blade and significantly for the Si blades. The displacement amplitude was 
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found to be directly proportional to the mechanical Q factor (QM) provided that the non-
linear effects due to self-hating are ignored. The Si tool based on Mn: PIN-PMN-PT 
with highest Q factor, QM = 2370, produced the largest displacement at the tip of the 
tool, 5.20 µm as compared to the stainless steel counterpart with QM = 390 and 
displacement at the tip being 3.60 µm, when driven at their respective resonant 
frequencies with 20Vp-p. In contrast to the planar tool reported by Lal and White (1995) 
which possessed QM = 375, all the tools reported in this chapter possess higher QM. 
Moreover, in the context of achieving high QM for planar tools, the work reported by 
Luo et al., (2009) on <110> oriented piezocrystals is relevant, with significantly higher 
QM available compared to <001> orientation but at the expense of other performance 
parameters. The effect of self-heating were also considered and from the results 
obtained, it is clear that further work is required to investigate the issues related to rapid 
temperature rise and subsequent effects including the failures reported in Section 5.4.2.  
 
From the work relating to the effects of loading conditions, broad conclusions were 
identified. It was learnt that the working characteristics of an ultrasonically actuated tool 
depend heavily on the loading conditions, it is confronting. It was observed that soft 
specimens, such as liver and belly, result in frequency softening effect while hard 
specimens, such as fat and skin, result in frequency hardening effect whereby the 
frequency shifts towards the lower and upper end on the frequency scale respectively. 
This in turn affects the impedance of the tool which besides affecting the impedance 
matching with the power delivery system also results in dampening effect, associated 
with QM, consequently affecting the displacement amplitude and keff of the tool.  
 
In conclusion, it can be said that the cumbersome nature and complicated internal 
structure of a mass-spring configuration of sandwich piezoelectric transducer contrasts 
with the elegance of the planar design of the tools reported in this chapter. The 
enhanced value of d31 for PMN-PT and Mn: PIN-PMN-PT suggests that an efficient 
realization is possible. The work reported here has confirmed the feasibility of the use 
of new piezocrystals with stainless steel and Si blades. However, further work is 
required to explore modifications, such as enhanced tool shapes, medical compatibility 
through selection of other materials for the blades and payloads, such as anaesthetic 
needles. In a bid to overcome the issues related to self-heating and loading conditions, a 
frequency-tracking system is being developed with the ability to modify the drive signal 
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according to the changes in tool’s resonant frequency. Moreover, it is believed the 
behaviour of the bulk material may ultimately be self-stabilising if dissipation is 
reduced in regions of higher temperature, as has already been observed to occur in 
piezocomposite materials (Parr, O’Leary and Hayward, 2005). 
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7 CONCLUSION & FUTURE WORK 
7.1 Overall Conclusion 
 
The effectiveness and safety of percutaneous needle procedures, such as regional 
anaesthesia and cancer biopsy, is highly dependent on the accuracy of needle insertion 
(Youk et al., 2007). Ultrasound imaging, in conjunction with various technologies and 
skills developed over time, is considered as a useful primary technique in carrying out a 
range of needle procedures. However, the needle shaft, especially the needle tip is still 
rarely adequately visualised. The problem of tip location is further exacerbated because 
the long, narrow-gauge needles are easily bent, deflecting the tip trajectory, especially 
in dense tissues. Poor visualization together with deflection of the needle tip can have 
serious consequences for the patient including pain, internal bleeding, loss of function 
and, in the case of biopsy, mis-sampling, resulting in misdiagnosis or the need for repeat 
biopsy (Brull et al., 2007; Sites et al., 2007 and Neal et al., 2008). 
 
In a bid to improve the visibility of standard needles, this thesis describes an innovative 
ultrasound device which is able to actuate a range of standard, unmodified needles. The 
device, detailed in Chapter 4, is based on the structure of a conventional mass-spring or 
sandwich ultrasound transducer with modifications to suit the needle procedures, such 
as regional anaesthesia and cancer biopsy. Experimental studies based on repeated 
measurements qualitatively showed the benefits of the device. The activation allows 
enhanced visibility of needles when observed under the colour Doppler imaging mode 
of a standard ultrasound imaging system. Through experimental work with various 
specimens including the soft embalmed Thiel cadavers, activation of needle was also 
found to reduce the penetration force by up to 30% consequently reducing the deflection 
of needle. The incorporation of needle actuating device in clinical practice will make the 
needle procedures efficient through accurate needle placement, reduced insertion pain 
and reduced overall procedure duration.   
 
Since ultrasound devices generally heavily depend on the quality of the piezoelectric 
material used, a detailed research into a new breed of piezoelectric materials, binary 
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(PMN-PT) and ternary (PIN-PMN-PT) compositions of single crystal material, has also 
been carried out. The data gathered from the work besides being used in the FEM work, 
carried out to ensure effective design of the devices, also lead to the understanding of 
the complicated behaviour changes in these materials under practical conditions. 
 
Another novel device inspired from the work reported by Lal and White (2005) is also 
reported. The d31-mode based planar tool contrasts with the cumbersome design of 
mass-spring transducer structure and has the potential to be used in surgical procedures 
as a scalpel or with some modification to actuate standard needles for percutaneous 
needle procedures. The main reason behind this work was to assess the feasibility of 
piezocrystals and planar tools in high power ultrasound applications. It was observed 
that both tool and piezoelectric materials affect the performance of an ultrasound 
device. Moreover, serious deterioration in the performance of the planar tool was 
observed under various loading conditions.  
 
7.2 Detailed Conclusion 
 
Detailed considerations on the outcomes drawn from the work reported in each chapter 
are given below: 
 
Chapter 2 introduced the problems associated with a range of percutaneous needle 
procedures along with the limitations of the existing solutions. A detailed technical 
background to the sandwich piezoelectric transducers, focusing on design, finite 
element modelling (FEM), fabrication and characterization of such transducers were 
also given. Finally, piezoelectric materials being the driving force behind any 
ultrasound device were discussed in detail with focus mainly on the piezoelectric 
ceramic and single crystal materials, both of which were used extensively throughout 
the work. 
  
Chapter 3 reported the material characterisation work carried out to investigate the 
performance and behaviour changes of new piezocrystals, PMN-PT and PIN-PMN-PT, 
under extreme temperature, pressure, bias field and continuous high drive conditions. 
For the first time, the IEEE standard method (1987) was applied to an investigation of 
this type with PMN-PT and PIN-PMN-PT. The experimental setup including the use of 
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Piezoelectric Resonance Analysis Program (PRAP) carefully established to do this work 
was also described in detail. 
Broad conclusions were identified as significant changes including up to 50% variation 
in key material properties with temperature and pressure were observed. The 
identification of TRT and TC allowed straight comparison between the two materials i.e. 
PMN-PT (TRT = 80 ˚C and TC = 130˚C) and PIN-PMN-PT (TRT = 90 ˚C and TC = 
150˚C), proving that the later possess high piezoelectric properties and stability at 
higher temperatures. Moreover, the significant temperature variations across various 
samples and rapid temperature changes contingent on the excitation at or near fe, 
particularly illustrated the complexity of measurement of piezocrystal properties 
directly under high drive conditions resembling those in practical operation. 
 
Chapter 4 reported the design, fabrication and characterization stages of the needle 
actuating device. The device is developed primarily to increase the visibility of standard 
needles for a range of percutaneous needle procedures including regional anaesthesia 
and cancer biopsy. It is based on the structure of a typical mass-spring transducer but 
with modification in the front mass to grip a range of standard, unmodified needles with 
gauge 20 - 22 and length ≥ 9 cm. Various configurations of the device based on 
transducers comprising PZ26 rings (ND-R-PZT), plates (ND-P-PZT) and PZN-PT 
pseudo ring (ND-P-PZN) were developed. The characterization of these devices showed 
that although ND-P-PZN possesses high keff (0.55), ND-R-PZT with larger QM (161) 
and satisfactory keff (0.35) meets the requirement of an ideal resonator.   
 
Large signal characterization of each transducer configuration showed that although 
ND-P-PZT Configuration 2 results in large displacement amplitude ≥ 7 µm, similar to 
ND-P-PZN and higher than ≥ 6 µm, obtained for ND-R-PZT, the self-heating during 
continuous operation in this configuration is significantly higher due to the method 
adopted for fabrication. Thus, through comparison based on the performance 
measurement parameters and performance under high drive condition, ND-R-PZT was 
found to be the most suitable configuration for the desired application. 
  
Chapter 5 reported the experimental work carried out to prove the concept and assess 
the feasibility of the needle actuating device, reported in Chapter 4. The work was 
carried out based on carefully established experimental protocol using the ND-R-PZT 
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configuration of the proposed device. A range of specimens including tissue mimicking 
phantoms, ex-vivo animal tissues and soft embalmed Thiel cadavers were used in 
chronological order. It was learnt that the needle actuating device has a great potential 
in enhancing the visibility of both standard, unmodified needles and the needles with 
roughened surface at insertion angles ≥ 50 ° and depths ≥ 4 cm. Moreover, due to the 
actuation, up to 40% reduction in the penetration force was also observed in all the 
specimens used. Thus, reducing the deflection of needle tip associated with the needle 
penetration force.  
 
Chapter 6 reported the design, fabrication and characterization stages of the d31-mode 
based planar tool, an alternative to the conventional ultrasonic scalpels. Various 
configurations of the tool incorporating the Length Thickness Extensional (LTE) mode 
samples of the new piezorystals (PMN-PT and Mn:PIN-PMN-PT) were reported. The 
tool operates in 31-mode as opposed to 33-mode of the conventional mass-spring 
transducers or needle actuating device. Through characterization it was observed that 
both tool and piezoelectric materials affect the performance of the tool. In contrast to 
the planar tool reported by Lal and White (2005) which possessed QM = 375, all the 
tools reported in this chapter possess higher QM values. The QM of the silicon based tool 
incorporating PMN-PT d31 plate was found to be significantly higher (QM = 1500) than 
that achieved with stainless steel based tool (QM = 390). The use of Mn: PIN-PMN-PT 
further enhanced the QM to an astonishing ~ 2400.  
 
The study on the effects of loading condition showed that skin is the most difficult 
tissue to penetrate. Slight effects on frequency and impedance characteristics of the tool 
due to the loading conditions were observed consequently, leading to significant 
reduction in the performance of the tools. Furthermore, failure of ancillary components 
due to the excessive heating under continuous high drive conditions was also witnessed. 
This was mainly due to the temperature rise in the surrounding epoxy thus, confirming 
the findings of the large signal characterization work reported in Chapter 3.  
 
7.3 Recommendations for Future Work 
 
Besides being useful to a wide audience, the work reported in this thesis also provides a 
stable platform for future exploration which will support further improvements. For 
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example, improvements in needle actuating device and system can widen the scope of 
its applications to also cover the applications in interventional radiology. The 
recommendations for the future work in regards to the three main topics covered in this 
thesis are discussed. 
 
Material Characterization 
 
The data obtained in general and in particular under high drive conditions illustrate the 
complexity in the measurement of piezocrystal properties directly under extreme 
conditions. It is expected that the measurements systems outlined in this thesis and the 
corresponding results will contribute both to material development, through provision of 
systematic data on material behaviour in the form required for applications, and to 
conventional modelling (Krimholtz et al., 1970 and Powell et al., 1998) and virtual 
prototyping (Powell et al., 1997), through the availability of parameters to allow these 
activities to incorporate changes in piezoelectric material properties because of self-
induced or environmental conditions. For this to be possible, further work is required 
particularly to obtain full elasto-electric matrices and appropriate attenuation parameters 
under varying conditions. For the experimental system reported here, this will require 
further automation with the incorporation of a dynamic frequency and impedance 
tracking system to investigate the complex behaviour in controlled environment such 
that the measurements can be made viable practically. 
 
Needle Actuating Device 
 
The pre-clinical prototype has been tested by experienced anaesthetist with excellent 
results. The current device works at appropriate depths and not only improves needle tip 
visibility by illuminating the whole shaft, but also reduces the penetration force 
significantly thus, reducing needle tip deflection. However, in order to take the project 
through to commercial device production route i.e. to make this device an essential part 
of clinician’s toolkit, further work in terms of improved device ergonomics and 
performance characteristics is required while detailed statistically robust clinical testing 
is essential for commercialization. 
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For adoption in the operating room, there is a need to establish a protocol for the 
resolution of sterility issues. This can be achieved by first making the device disposable 
through the use of existing medical compatible materials. Since the device comprises 
electronic components and piezoelectric materials which are sensitive to high 
temperatures, ETO (Ethylene Oxide) sterilization technique can be considered. 
Improvements in the design ergonomics and the addition of a rotation motion are 
desirable to ease further the needle penetration into tissues (Veen et al., 2012) and 
reduce targeting errors (Badaan et al., 2011). This can be achieved based on the 
principle of traveling waves through the use of thin film piezoelectric material (Pressly 
and Mentesana, 1994). The performance can be improved by using the new 
piezocrystals, such as Mn doped ternary composition (Mn: PIN-PMN-PT), which 
besides offering high and stable piezoelectric properties, comparable to piezoceramics, 
will also aid in reducing the piezoelectric stack length consequently reducing the size of 
the device by approximately 30% as observed for PMN-PT piezocrystal by Rehrig, 
Hackenberger and Jiang (2002). 
 
The image processing algorithm, reported in Chapter 4, is currently limited to 
processing only still images. In order to make this system effective, it is necessary to 
optimise the algorithm and use a faster processing machine to allow presentation of a 
mathematical line on a grey scale ultrasound image in real-time.  
 
The changes in device resonant frequency and impedance owing to the loading 
conditions and self-heating demand for a dynamic impedance and frequency tracking 
system, similar to that required for piezoelectric material characterization, such that the 
device can be operated in a controlled environment.  
 
d31-based Planar Tool 
 
The enhanced value of d31 for PMN-PT suggests that an efficient realization is possible. 
The preliminary work reported in Chapter 6 confirmed the feasibility of the use of this 
material with stainless steel and silicon blades. Further work will explore modifications 
such as enhanced tool shapes, medical compatibility through selection of other material 
for the blades, such as ceramic, and payloads such as anaesthetic needles.  
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As far as self-heating is concerned, it is clear that further work is required to investigate 
this issue. As part of this investigation, a frequency-tracking system is being developed 
with the ability to modify the drive signal according to the changes in device’s resonant 
frequency due to self-heating. Moreover, the behaviour of the bulk material may 
ultimately be self-stabilising if dissipation is reduced in regions of higher temperature, 
as has already been observed to occur in piezocomposite materials (Parr et al., 2005). In 
the context of achieving high QM for planar tools, the work reported by Luo et al., 
(2009) on <110> oriented piezocrystals is relevant, with significantly higher QM 
available compared to <001> orientation but at the expense of other performance 
parameters.  
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APPENDIX A –Matrix Calculation 
The author acknowledges the work carried out by Zhen Qiu and Christine Demore for 
the preparation of the following spread sheet to derive full elasto-electric matrix. 
Page 1 
 
 
Calculation of Material Constants for Single Crystal Piezoelectrics
Material: PMN-29PT
Samples and Modes Used in PRAP/IEEE samples List of Sample Geometry Specific Parameters
TE kT Thickness Extensional, Plate kt plate kt,cD33, cE33, e33, h33, εT33 and εS33
LE k33 Length Extensional, Pillar LE bar k33, sD33, sE33, d33, g33, εs33 and εT33
LTE k31 Length Thickness Extensional, Bar LTE plate k31, sE11, d31, g31 and εT33
TS k15 Thickness Shear, Plate LTE-45 plate k45:Z31and sE45:Z11
k15 plate k15, cD55, cE55, sD55, sE55, e15, h15,d15, g15, εs11 and εT11
Calculated directly by PRAP kt plate (Breathing) k, s, e, NS, rNS2.
text Calculated parameter from derived equation
text Calculated with one of derived equations below
text Paramater isolated for calculation
Independent Coefficients Method % Difference in Results
Coupling Coefficients
kT = 0.56 unitless #REF!
kT = 0.56 35 -0.2
k33 0.89 #REF!
k33 = 0.85 36 -5.1
k31 0.44 #REF!
k31 = 0.44 37
k15 0.31 #REF!
k15 = 0.31 38 0.2
k15 = 0.31 39 0.4
Dielectric Constants
ε0 = 8.85E-12
εT, permittivity at constant stress
εT11 1.200E-08 F/m #REF!
εT33 4.360E-08 LE
εT33 4.000E-08 LTE -8.3
εr
T, relative permittivity at constant stress
εrT11 1355 unitless TS
εrT33 4924 LE
εrT33 4518 LTE -8.3
εS, permittivity at constant strain
εS11 1.080E-08 F/m #REF!
εS33 7.760E-09 LE
εS33 7.760E-09 TE 0.0
εr
S, relative permittivity at constant strain
εrS11 1220 unitless TS
εrS33 876 LE
εrS33 876 TE 0.0
βT, inverse permittivity at constant stress
βT11 8.333E+07 m/F 1 TS mode
βT33 2.294E+07 2 LE mode
βT33 2.500E+07 3 LTE mode 9.0
βr
T, relative inverse permittivity at constant stress
βrT11 7.378E-04 unitless TS mode
βrT33 2.031E-04 LE mode
βrT33 2.214E-04 LTE mode 9.0
βS, permittivity at constant strain
βS11 9.259E+07 m/F 4 TS mode
βS33 1.289E+08 5 LE mode
βS33 1.289E+08 6 TE mode 0.0
βr
S, relative inverse permittivity at constant strain
unitless βrS11 8.198E-04 TS mode
βrS33 1.141E-03 LE mode
βrS33 1.141E-03 TE mode 0.0
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e, piezoelectric stress constant
C/m^2 e15 8.85 #REF!
e15 8.80 15 -0.5
e31 -6.61 22
e31 -6.76 23 2.3
e33 20.00 #REF!
e33 20.02 16 0.1
h, piezoelectric stress constant / transmitter constant
V/N h15 8.15E+08 #REF!
h15 8.19E+08 13 0.5
h31 -8.71E+08 24
h33 2.58E+09 #REF!
h33 2.58E+09 14 -0.1
Elastic Constants
sE, compliance constants at constant E
m 2^/N sE11 5.05E-11 #REF!
sE12 -2.02E-11 21
sE13 -2.25E-11 19
sE33 4.28E-11 #REF!
sE55 1.45E-11 #REF!
sE66 -6.06E-11 31 Based on sE66 = 2 x (sE11 - sE12 ) 
sD, compliance constants at constant D
m 2^/N sD11 4.10E-11 25
sD12 -2.97E-11 26
sD13 -3.47E-12 20
sD33 9.20E-12 #REF!
sD55 1.31E-11 #REF!
sD66 -6.06E-11 33 Based on sE66 = 2 x (sE11 - sE12 ) 
sE45:z11 2.71E-11
cE, stiffness constants at constant E
N/m^2 cE11 8.824E+10 27
cE12 7.41E+10 28
cE13 8.72E+10 18
cE33 1.15E+11 #REF!
cE55 6.89E+10 #REF!
cE66 -1.65E+10 32 Based on sE66 = 2 x (sE11 - sE12 ) 
cD, stiffness constants at constant D
N/m^2 cD11 7.48E+10 29
cD12 6.07E+10 30
cD13 7.73E+10 17
cD33 1.67E+11 #REF!
cD55 7.61E+10 #REF!
cD66 -1.65E+10 34 Based on sE66 = 2 x (sE11 - sE12 ) 
Calculations
Equation No.Matrix relationCoefficient Value Equation Notes
Dielectric Constants
βT = 1 / εT
1 βT11 = 8.333E+07 1 / εT11 TS mode
2 βT33 = 2.294E+07 1 / εT33 LE mode
3 βT33 = 2.500E+07 1 / εT33 LTE mode
βS = 1 / εS
4 βS11 = 9.259E+07 1 / εS11 TS mode
5 βS33 = 1.289E+08 1 / εS33 LE mode
6 βS33 = 1.289E+08 1 / εS33 TE mode
Piezoelectric Constants
g = βT * d
7 g15 = 1.075E-02 βT11 x d15 TS mode
8 g31 = -1.625E-02 βT33 x d31 LTE mode
9 g33 = 2.66E-02 βT33 x d33 LE mode
d = εT * g
10 d15 = 1.29E-10 εT11 x g15 TS mode
11 d31 = -5.84E-10 εT33 x g31 LTE mode
12 d33 = 1.26E-09 εT33 x g33 LE mode
h = βS * e
13 h15 = 8.19E+08 βS11 x e15 TS mode
24 h31 = -8.713E+08 βS33 x e31 e31 from Eq 23
14 h33 = 2.577E+09 βS33 x e33 TE mode
e = εS * h
15 e15 = 8.802E+00 εS11 x h15 TS mode
e31 = εS33 x h31 
16 e33 = 2.002E+01 εS33 x h33 TE mode
h = g * cD
h15 = g15 x cD55
h31 = g31 x cD11 + g32 x cD21 + g33 x cD31
h33 = g31 x cD13 + g32 x cD23 + g33 x cD33
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17 cD13 = 7.73E+10 ( h33 - g33 x cD33 ) / ( 2 x g31 ) derivation A
e = d * cE
e15 = d15 x cE55
e31 = d31 x cE11 + d32 x cE21 + d33 x cE31
e33 = d31 x cE13 + d32 x cE23 + d33 x cE33
18 cE13 = 8.72E+10 ( e33 - d33 x cE33 ) / ( 2 x d31 ) derivation B
d = e * sE
d15 = e15 x sE44
d31 = e31 x sE11 + e32 x sE21 + e33 x sE31
22 e31 = -6.61E+00  ( d31 - e33 x sE13 ) / (sE11 + sE12 ) Derivation F
d33 = e31 x sE13 + e32 x sE23 + e33 x sE33
23 e31 = -6.76E+00 (d33 -  e33 x sE33 ) / ( 2  x sE13 ) Derivation G
g = h * sD
g15 = h15 x sD55
g31 = h31 x sD11 + h32 x sD21+ h33 x sD31
g33 = h31 x sD13 + h32 x sD23 + h33 x sD33
Elastic Constants
sE * cE = 1
(1,1) 1= sE11 x cE11+ sE12 x cE21+ sE13 x cE31
(1,2) 0= sE11 x cE12 + sE12 x cE11 + sE13 x cE13
27 cE11 = 8.82E+10 ( sE11 - (sE11 - sE12) x sE13 x cE13 ) / ((sE11)
2
 - (sE12)
2
)  Derivation H
28 cE12 = 7.41E+10 ( 1 - sE11 x cE11 -  sE13 x cE13 ) /  sE12  Derivation H
(1,3) 0= sE11 x cE13 + sE12 x cE23 + sE13 x cE33
21 sE12 = -2.02E-11 See 'sE12' sheet Derivation E
(2,2) 1= sE21 x cE12+ sE22 x cE22+ sE23 x cE32
(3,3)  1= sE31 x cE13 + sE32 x cE23 + sE33 x cE33
19 sE13 = -2.25E-11 ( 1 - sE33 x cE33 ) /  ( 2 x cE13 ) Derivation C
(5,5) 1= sE55 x cE55
(6,6) 1= sE66 x cE66
32 cE66 = -1.65E+10 1 / sE66
sD * cD = 1
(1,1) 1= sD11 x cD11+ sD12 x cD12+ sD13 x cD13
(1,2) 0= sD11 x cD12 + sD12 x cD11 + sD13 x cD13
29 cD11 = 7.48E+10 ( sD11 - (sD11 - sD12) x sD13 x cD13 ) / ((sD11)2 - (sD12)2)  Derivation I
30 cD12 = 6.07E+10 ( 1 - sD11 x cD11 -  sD13 x cD13 ) /  sD12  Derivation I
(1,3) 0= sD11 x cD13 + sD12 x cD23 + sD13 x cD33
(2,2) 1= sD21 x cD12+ sD22 x cD22+ sD23 x cD32
(3,3): 1 = sD31 x cD13 + sD32 x cD23 + sD33 x cD33
20 sD13 = -3.47E-12 ( 1 - sD33 x cD33 ) /  ( 2 x cD13 ) Derivation D
(5,5) 1= sD55 x cD55
(6,6) 1= sD66 x cD66
Ceramic Symmetry
31 sE66 = -6.06E-11 4sE45:z11 - 2 x (sE11 + sE12 )
Elastic and Piezoelectric Constants
sE - sD=g'*d
sE11 - sD11 = g31 x d31
25 sD11 = 4.10E-11 sE11 - g31 x d31
sE12 - sD12 = g31 x d32
26 sD12 = -2.97E-11 sE12 - g31 x d31
sE13 - sD13 = g31 x d33
sE33 - sD33 = g33 x d33
sE55 - sD55 = g15 x d15
sE66 - sD66 = 0
33 sD66 = -6.06E-11 sE66
cE - cD=h'*e
cE11 - cD11 = h31 x e31
cE12 - cD12 = h31 x e32
cE13 - cD13 = h31 x e33
cE33 - cD33 = h33 x e33
cE55 - cD55 = h15 x e15
cE66 - cD66 = 0
34 cD66 = -1.65E+10 cE66
Coupling Coefficients
kij = eij / sqrt ( cDjj x εSii ) 
35 kT = 0.56 e33 / sqrt ( cD33 x εS33 ) TE measurement of εS33 used
36 k33 = 0.85 d33 / sqrt ( sE33 x εT33 ) LTE measurement of εT33 used
37 k31 = 0.44 d31 / sqrt( sE11 x εT33 ) LTE measurement of εT33 used
38 k15 = 0.31 e15 / sqrt ( cD55 x εS11 )
39 k15 = 0.31 d15 / sqrt ( sE55 x εT11 )
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Front Mass 
 
Casing 
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Jig 
 
 
Electrode 
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Tufnol Washers 
 
 
Planar Tool Jig 
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Planar Tool Holders 
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High Strength Conductive Epoxy 
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Silver Loaded Epoxy 
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APPENDIX D – Cost Analysis 
Needle Actuating Device (PZ26 Rings Configuration) 
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APPENDIX E – Software Codes 
Image Processing Algorithm (Matlab) 
 
1 clear; 
2  
3 % % % % IMAGE PROCESSING ALGORITHM FOR ACTUATED NEEDLE % % % % 
4  
5 img=imread('113536cd6.png'); % Read the image to process 
6  
7 a=img(:,:,1); 
8 b=img(:,:,2); 
9 c=img(:,:,3); 
10   ta=a; 
11   tb=b; 
12   tc=c; 
13  
14 %%  Remove the B-mode components from the image %% 
15  
16 for i=1:size(img,1) 
17 for j=1:size(img,2) 
18   t1=img(i,j,1); 
19   t2=img(i,j,2); 
20   t3=img(i,j,3); 
21   v=[t1,t2,t3]; 
22   if max(v)-min(v)<150   % Set the threshold  
23  
24 % The threshold is to remove B-scan components and the 
25 % rectangular region. If the threshold is too high, it may      
26 % remove some information from the region of interest.  
27  
28   img(i,j,1)=0; 
29   img(i,j,2)=0; 
30   img(i,j,3)=0; 
31 end     
32 end 
33 end 
34  
35 %% Build 1000*1000 matrix to identify the slope of the needle %% 
36  
37 n=1000; m=1000; 
38 mask =zeros(n,m) ;  
39 for i=1:n 
40   for j = 450:550 
41     mask(i,j)= 180; 
42   end 
43 end 
44  
45 mc= cell(90,1);  % make a "cell" to store number of matrices 
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46 mc{1,1}=mask; 
47  
48 %% Rotate the matrix by 2 degrees %% 
49  
50 for i= 2:90 
51   mc{i}= imrotate(mc{i-1},2, 'bilinear','crop');  
52 End 
53  
54 %% Reduce the size of the matrices by a factor o.13 (13 times)%% 
55  
56 for i= 1:90 
57   mc{i}= imresize(mc{i},0.13,  'bilinear', 'Antialiasing',1);  
58 end 
59  
60 %% Turn RGB to grey level for later i.e. convolution process %% 
61  
62 imgray=rgb2gray(img);  
63  
64 %% Store the information of imgray in order to find a point %% 
65 . 
66 position=[];  
67  
68 for i=1:size(imgray,1) 
69 for j=1:size(imgray,2) 
70   if imgray(i,j)~=0 
71 position(end+1,1:2)=[i,j]; 
72   end 
73 end 
74 end 
75  
76 p=round(mean(position(:,1))); 
77 q=round(mean(position(:,2))); 
78 pb=size(imgray,1)-p; 
79 qb=size(imgray,2)-q; 
80 w=min([p q pb qb]); 
81 w=80; 
82  
83 %% Find a rectangle of the region of interest %% 
84   
85 current=imgray((p-w/2+1):(p+w/2),(q-w/2+1):(q+w/2)); 
86   
87 % This rectangle will do convolution with each matrix 
88 d=[]; 
89 for i=1:90 
90  
91 %% Define a matrix “d” to store convolution results %% 
92  d(i)=max(max(conv2(current,mc{i})));  
93 end 
94  
95 %% Identify the distal (right) end of the Needle %% 
96  
97 pr=-1; 
98 for j=1:size(imgray,2)-1 
99 if pr~=-1 
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100 break; 
101 end 
102 for i=1:size(imgray,1) 
103    if imgray(i,size(imgray,2)-j)~=0 
104    pr=i 
105    qr=size(imgray,2)-j+3; 
106  
107    end 
108 end 
109 end 
110  
111 %% Identify the left proximal (left) end %% 
112  
113 pl=-1; 
114 for j=1:size(img,2)-1 
115 if pl~=-1 
116 break; 
117 end 
118 for i=1:size(img,1) 
119    if img(i,j)~=0 
120    pl=i; 
121    ql=j; 
122  
123    end 
124 end 
125 end  
126  
127 %% Read the greyscale image on which the line is superimposed %%  
128 % This B-Scan image must have the same size as the one processed 
129  
130 imgor=imread('113536bm4.png'); 
131 x=ql:qr; 
132 figure,imshow(imgor); 
133 a=find(d==max(d));  % Read the best match convolution result. 
134  
135 % % Plot the line of known width %% 
136  
137 line=p+q*tan((90+a*2)*0.01745329)-tan((90+a*2)*0.01745329)*x+2; 
138 hold,plot(x,line,'w','LineWidth',2.5); 
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Abstract  
Piezoelectric single crystal materials such as (x)Pb(Mg1/3Nb2/3)O3-(1-
x)PbTiO3 (PMN-PT) have, by some measures, significantly better performance than 
established piezoelectric ceramics for ultrasound applications. However, they are also 
subject to phase transitions affecting their behavior at temperatures and pressures 
encountered in underwater sonar and actuator applications and in non-destructive testing 
at elevated temperatures. Materials with modified compositions to reduce these 
problems are now under development, but application-oriented characterization 
techniques need further attention. Characterization with temperature variation has been 
reported extensively, but the range of parameters measured is often limited and the 
effects of pressure variation have received almost no attention. Furthermore, variation in 
properties between samples is now rarely reported. The focus of this paper is an 
experimental system set up with commercially available equipment and software to 
carry out characterization of piezoelectric single crystals with variation in temperature, 
pressure, and electrical bias fields found in typical practical use. We illustrate its use 
with data from bulk thickness-mode PMN-29%PT samples, demonstrating variation 
among nominally identical samples and showing not only the commonly reported 
changes in permittivity with temperature for bulk material but also significant and 
complicated changes with pressure and bias field and additional ultrasonic modes which 
are attributed to material phase changes. The insight this provides may allow the 
transducer engineer to accelerate new material adoption in devices. 
 
Keywords: Single crystal relaxors, pressure and temperature, characterization 
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Conference Proceeding No. 1 
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High Performance Planar Ultrasonic Tool based on d31-mode Piezocrystal  
M.R.Sadiq, Y.Kuang, S.Cochran and Z. Huang 
 
School of Engineering, Physics and Mathematics, University of Dundee, Dundee DD1 
4HN, UK 
 
Abstract  
Ultrasonic scalpels based on the conventional mass-spring configuration of piezoelectric 
transducers are widely used in procedures such as oral, hepatic and pancreatic surgery. 
However, the weight and self-heating of this configuration are weaknesses. To address 
these, an alternative approach can be adopted which utilizes a planar configuration of 
tool to which piezoelectric drive components are bonded directly. This paper details the 
design and characterization of such tools, made of surgical grade stainless steel and 
silicon (Si). These tools operate in the d31 mode configuration, utilizing single crystal 
binary (PMN-PT) and manganese-doped ternary (Mn:PIN-PMN-PT) composition 
piezoelectric materials. The tools, with shapes resembling a dagger, are able to produce 
longitudinal displacements > 5 µm when driven with 20 Vpp at their respective resonant 
frequencies. Both tool and piezoelectric materials significantly affect the performance 
of the tool. The mechanical quality factor, QM, of PMN-PT based Si tool is ~ 1500 in 
air compared to ~ 350 for its stainless steel counterpart while the use of Mn:PIN-PMN-
PT further increased the QM value to ~ 2400. Considering the various tissues which are 
normally incised during surgery, skin is the most difficult for the tool to penetrate. This 
results in a significant reduction in the tool’s efficiency, thus demanding high QM tools.  
 
Keywords: Scalpel, d31 mode, PMN-PT, Mn:PIN-PMN-PT, Planar tool 
 
Conference Proceeding No. 2 
 
IEEE International Ultrasonic Symposium (IUS), 2011 
Conf. Proc. 2011, 1825 – 1828, DOI: 10.1109/ULTSYM.2011.0456 
 
Characterization of PMN-29%PT as a function of temperature and pressure 
M.R. Sadiq, Z. Qiu, C. Demore, Z. Huang and S. Cochran 
 
School of Engineering, Physics and Mathematics, University of Dundee, Dundee DD1 
4HN, UK 
 
Abstract  
Piezoelectric single crystal relaxor materials, such as (x)Pb(Mg1/3Nb2/3)O3 - (1-
x)PbTiO3 (PMN-PT) have higher performance for ultrasound applications than 
piezoelectric ceramics. However, phase transitions at relatively low temperatures and 
external pressures affect their behavior well within the range of operating conditions of 
underwater sonar and actuators and in non-destructive testing at elevated temperatures. 
Single crystals with compositions modified to reduce these problems are under 
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development but application-oriented characterization needs attention to allow robust 
design practices. In this paper, we demonstrate an experimental system to carry out 
application-oriented characterization of piezoelectric materials for most ultrasonic 
applications. Variation in key material parameters with temperature, pressure and DC 
bias are presented for PMN-29%PT single crystal and results for PZ54 piezoceramic 
and PIN-PMN-PT single crystal are also included for comparison. Furthermore, the 
possibility of large signal characterization has been explored through analysis of self-
heating of single crystal material. 
 
Keywords: Single crystal relaxors, pressure and temperature, characterization, self-
heating 
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Conf. Proc. 2011, 2189 – 2192, DOI:  10.1109/ULTSYM.2011.0543 
 
Ultrasonic cutting with a d31-mode PMN-PT-driven planar tool 
M.R. Sadiq, Z. Qiu, C. Demore, Z. Huang and S. Cochran 
 
School of Engineering, Physics and Mathematics, University of Dundee, Dundee DD1 
4HN, UK 
 
Abstract  
Ultrasonic cutting tools based on a mass-spring configuration of a drive transducer are 
widely used in surgery. However, the weight and self-heating of this configuration are 
weaknesses. An alternative approach is to use a planar tool to which piezoelectric drive 
components are bonded directly. This paper details the design and characterization of 
such a tool, utilizing PMN-PT relaxor single crystal material operated in the d31 mode. 
The tool, resembling a dagger, is able to produce longitudinal displacements >; 6 µm 
when driven with 50 Vp-p at the resonance frequency, 73 kHz. The effectiveness of 
finite element analysis has been observed as the behavior of the tool was accurately 
predicted prior to its fabrication. Furthermore, ways to improve the efficiency of the 
tool by reconfiguring the material have been explored and implemented. 
 
Keywords: Cutting, d31 mode, PMN-PT, Planar tool 
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4th International Conference on Biomedical Engineering and Informatics (BMEI), 2011 
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High performance ultrasonic tool for tissue cutting 
M.R. Sadiq, Y. Kuang, S. Cochran, Z. Huang and G. Corner 
 
School of Engineering, Physics and Mathematics, University of Dundee, Dundee DD1 
4HN, UK 
  
  
Muhammad Rohaan Sadiq Page 208 
 
 
Abstract  
A novel ultrasonically-actuated tool has been designed and fabricated to allow safe and 
deliberate surgical incision. Though the tool has been designed specifically for 
ultrasonic cutting of tissues, modifications to its structure and material properties may 
lead to its use in other medical applications. The design comprises a simple geometry 
with sharp tip and utilises a length thickness extensional (LTE) mode sample of the new 
single crystal piezoelectric material, PMN-PT, to generate longitudinal motion with 
velocity >; 120 mm/s at 80 kHz. The paper details the design and characterisation 
process of the tool including the necessary electrical circuitry required to achieve the 
optimum results. 
 
Keywords: Ultrasound; Cutting; Needle; PMN-PT 
 
